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.... iS not as easy as it looks. Many years of experience are 
required before a “‘ technique ’’ can be evolved—and this same 
experience—40 years to be exact—is responsible for the per- 
fection of Form Grinding on Churchill Precision Machines, using 


The “PULCRUSH” 


method—the greatest advance yet made in wheel forming. 
The forms illustrated are a few of the countless contours that can 
be transferred to the grinding wheel of all machines on which 
the periphery of the wheel is used. 
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Our Technical Department is able to give advice on all wheel 
forming queries. 
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The Geld for Tungsten Carbide uses is ever- 
New grades are regularly being 
developed in our laboratory for special applica- 
tions—from the cutting of wood to the machin- 
ing of the hardest known metals. 


An increasing use of Carbides for heavily 
stressed and quick wearing machine parts is 


A Carbide specialist is always available for 
= on the spot on all matters apper- 
tooling and uses of hard metals. 
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Practical Design of Double Squirrel Cage Motors 





























1 
by D. OrtEY and G. JEKELFALUssy. (From Elektrotechnika, Vol. 38, No. 11-12, December 15, 1946, pp. 108-113, 
3 5 illustrations.) 
CK 93 
THE authors have derived a method of calculation from 
4s. gjgwhich a family of circles can be plotted which are inde- js rt 
— rendent of the basic constants of the motor (resistance 
pf the primary winding, leakage and slip) and can be 
sed to determine the design particulars of any double n'y > 4 Pa 
» Hons Riot squirrel cage motor. 
; Mech I. THE SINGLE SLOT MOTOR. is 
nt.C, . 
ra i Disregarding the no load losses, we get : % IX 
7 Ts ; 2} 3g Q 
M.LEE, Z=rn+—4+jxX ; 
(Eng, s ; 
sie where : J 
— ‘) ae total reactance ; X, 
—_ t; we primary resistance ; 
4.(Com Ye we secondary resistance per primary. 0 ] 2 3 Fig. 1. 
Dividing the above equation by r, and introducing a 
expressions : — bi (3a) 
Plywood ry x 1 . Ye’ 
ke kK, >= and A,=— and 
P. ’ 12 1. s X,' 
op. eget : “4 =—.. ae a (3b) 
"hae fm * & re! 
strumen| - = _ tm—tj——atitijnus.. taken as slot constants, we get from (2), (3a) and ,3b), 
* 2 Ss Ts : 
1 2 
"roduc For a co-ordinate system which has its origin shifted Attire = ame. - (4) 
po 0’ = x, + jz, the A, values located on the real be 
axis represent the operational diagram of the single s+j Pe 
slot machine. wD 
The three characteristic points of the diagram are: The three characteristic points are : 
sien 


s = + o is located in the origin of the new co- 


ordinate system ; for s = + © we get lim (A, + jA,), +», =0+j90, 














s = 1, the short circuit point, is located at unity and the position of this point is therefore the same as 
of the shifted co-ordinate system and in the case of a single slot motor. 
s = 0, the synchronous point is situated at + oo For s = 1 we get : : 
of the real axis (see Fig. 1). : 1+jpe 
(A, FZ Aelemi= Sere oe (4a) 
II. THE TWO SLOT ROTOR. _ Be 
= If the resistance vector diagram is plotted in a simi- +3 +1 
= lar manner to that plotted for the single slot motor, we “" 
get : , and », can have any real and positive value and it 
ty wy ‘naewe ‘fom (4a) that 
Yo Te re” Xo 
+j 1 <A, So and 0 <A, <@ 
Zn+jxX s s 1 The starting point is the line 1 + 7 A, and is situated 
m = atom: tr,” 2 ee on the plane which is limited by the real positive axis. 
, “s ol. +o re For s > 0 we get: 


s 





br Be 
=KetitetMytjle « « (2 eS an sor sina 
see also equivalent circuit in Fig. 4 in which : this is the equation of the asymptote of the curve of 
r, = resistance of the primary ; eqn. (4), which is parallel to the real axis and at a 
r, = resistance of the rotor ; distance ¥ from it. 
j X= component of the reactance which is inde- ir ite 
pendent of the slip ; Y= —— 
r,’__ resistance of the inner cage ; fet+l 





r,’’ resistance of the outer cage ; 


: : i is i ill be referred to later. 
jX, reactance of the inner cage ; this value is important and will b 











Tea 
>= ; component of the rotor impedance 1, SLOT CONSTANTS. 
tr, which is a function of s. (a) If the value y, is assumed to be constant, eqn. 
2a (4) can be written in the following form : 
A, = — is the ratio between the reactance in- opetlt+j(uet+ Dee 
r, crease and the resistance of the rotor. A, +7As)e—1 = a (4c) 
With the proportionate numbers : , (up +1) + fue 
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(4c) is the equation of a family of circles with the para- 


on the 





Be 
meter p, and the centre is situated at m, = 


real axis. These circles pass through the point 1 + 7 0 if 
#, = 0. The parts of the circle below the real axis 
are of no interest, as they correspond to negative p, 
values. The starting point for any constant slot re- 
sistance ratio starts from the short circuit point of the 
single cage motor and is shifted along a circle as the 
leakage of the inner cage increases (see Fig. 2). 
(b) Again transforming eqn. (4a) we have 


(lL +jue) +1 +f ue) ur 


1+ jpHe t+ Ur 
If the », value is assumed to be constant, we again 





(A, + j 2 _ . (4d) 


have a family of circles with the parameter p,. The 

eee anal 1+jHe 

centre of the circles is on the straight line m, = ————— 
2 


and has p, as the parameter. These circles pass also 
through the point 1 + 7 0 (see Fig. 2). 
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Fig. 2. 
(c) Transforming eqn. (4a) once more, into the form 
j¥++7We, 


0} y + Ur 
we obtain for constant 4 values a family of circles with 
#, as the parameter. The centre of the circles is on 
2+ 5% 
the straight line my = 





(Ary + JAz)s =1 > (4e) 


and the value 1 + 70 


will also be a point on the circle. The circles for p,, uz 
and y being constant values are identical for all motors, 
can be drawn beforehand and duplicated for any set 
of machine calculations. In Fig. 2 only the », and p, 
circles are drawn and the straight line m ,, the locus of 
centres of the y circles. 


2. DETERMINATION OF THE STARTING 





CONDITIONS. 
(a) Starting current : 
With the proportionate number 
Tstarting 
n= —-—_—_ ae re (5) 
Tnominai 
and 
U U 
Tstarting a % (6) 
Z; [x, sr , +3 (ke = is A,)] Ys 
180 


























oy \ 
Xr 

L he 
ris i 

‘ <r) 
Fig. 3. 

we obtain 

U 


=«+A, + fj (Ke + Az) » (7) 
n, Inominai ?? 
It follows from eqn. (7), that the starting current 
is the same for any set of conditions if 
| kp +A, +7 (Ke + Az) | = const. 
The geometrical location of the starting current is 
a family of circles (see Fig. 3) with the centre a 
—k, —j «, and the radius 
U 
R= ——_ Aree 
n, Inominai 12 
(b) Starting torque, with the proportionate numbers 


Mstarting Mstarting 
my = —— and cl = ———— 
Moominai V Aia TZ 

3:U* 


where V Aja n> Mstarting= 3 T*starting 1 startin 
me 


we get from eqn. (6) 
30? Te starting 
Mstarting= or; 
[Cer + An)? + (ee + Az)*) 12° 


Kz r, 





Mpoominai %m 


V Aiare (ue + Ay)? + (ee + A)? 
Transforming eqn. (9) we get the general equation : 


Ke ? Kz , 
[-—( —«) | Hebel =( —«:) —*; 
2 cu 2cu 


The coordinates of the circle centres are : 
Ke 


cu = - (9) 














xX = — Ke 3 Yo = —jkae- .. (10) 
2ct ; 
i.e., the centres of the torque circles are on a straight 
line which goes through the centre of the constant 
current circles, is parallel to the real axis and at a dis- 
Ke 
tance —— from it (see Fig. 3.) 
2cu 


The radii of thé circles : 
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where: 


© DD Oo ™hy me, 


For 
of the rc 
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ntre at 


umbers 


2 Starting 


(10) 


traight 
ynstant 
a dis- 











vs . 
nish 2cu — «, | — «,* (11) 
¢ 
Ke 
and for —— > kK, 
ac 
Ke 
R= re — Ky (11a) 
c 


The circles pass through the point 0 —j x, and the 
maximum error due to neglecting «x, is 2 to 3 per cent. 

a. (8) allows to plot the constant current circles, 
and the constant torque circles are plotted from the 
ans, (10), (11) and (lla.) The intersection of these 
circles with the », and p, circles is the value of the 
required slot constants. Connecting the starting point 
with the unity point, we get the common radius of 
the w, and pw, circles, and the perpendicular from the 
centre of this line gives the exact centre points m, and 
m 
“The constant current and constant torque circles 
are independent of the slip and therefore the operational 
diagram and the intersection points give the torque 
and the current consumption as a function of the slip. 


3. CHOICE OF A SUITABLE CAGE. 


It is possible to determine from the above the 
required slot data for a given set of starting conditions. 
However, it may not be possible to build the required 
impedance into the slot or to achieve the required re- 
sistance tatio. If the winding is mechanically suitable, 
the temperature increase of the outer cage during the 
starting process and the tangent at the origin of the 
curve should be determined first. We get : 

Heat 
4t/mp = = 
Volume x spec. heat 

I’ starting a p p 

= o” starting — (12) 
Nq? Ic q’ c c 
where: Istarting= Starting current in the outer conductor; 

= number of rotor conductors ; 





I starting Tr” 





F 

l = length of rotor conductors ; 

c = specific heat ; 

p = specific resistance ; 

a = resistance conversion coefficient ; 

q’ = cross-section of the outer conductor 3; 
q = cross-section of the inner conductor 


For the current distribution in the parallel windings 
of the rotor we get : 


r,/?+ as” 
(rq’ + 12”)? + X,* 


| I’ starting | - 





| Tstarting | 3 


and 

r,’* + X,"? 
(19+ 19”)? +X," 
(13) 
(14) 


I”* starting a’ I starting @? 


o tating = = 





q”* q”? 


o”* starting = o*running 2,7 3? 





ind from eqns. (12) and (14) : 


p 
At/mp Sl o*running n,? p2 (15) 
c 
lt, the temperature increase of the outer cage at the 
mstant of starting is proportional to the square of the 
current density values, the proportionate number of 
the current values and the distance between the starting 
point and the origin of the coordinate system, which 
can be taken from the diagram. 
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The resistance of the outer cage is calculated for 
the temperature obtained with eq. (15) and for this 
resistance value we get the shifted starting point. The 
resistance of the inner cage and the leakage remain 
practically unchanged ; therefore the », value does 
not change either, but », increases. The starting point 
is shifted along the corresponding , circle to the point 
which corresponds to the increased », point. Generally, 
the starting current decreases and the torque changes 
as well. If, for the selected starting point, the corre- 
sponding y, circle just touches or is slightly above the 
torque circle, the torque will also decrease and if the 
Starting point is below the contact point, the torque 
increases first, but may decrease later on. The de- 
decrease can be determined from the diagram (see Fig. 3, 
the change is indicated by arrows.) 

The no load current values were neglected when 
calculating the rotor constants, but they have to be taken 
into consideration, when calculating the operating con- 
ditions, especially the power factor. Generally, the 
accuracy is sufficient for calculating the overloading 
capacity of the motor. 


4. WORKING DIAGRAM. 


Plotting eqn. (4), we get the curve of the proportion- 
ate resistance vector values as a function of s, i.e., the 
working diagram of the motor. We get a curve of 
the 3rd order and the simplest way of plotting it is to 
divide the vectors into one constant vector and two 
part vectors in the same direction, which are functions 
of a parameter and originate from a single point. The 
constant vector S = ju,, one of the part vectors 
moves along a circle through S with the centre at 


¢ 
m=j ( be 5) the second vector also starts from S 
2 


and its locus is the asymptote. The parameter is 
drawn at the same scale as the A, axis. By adding 
the two part vectors, we get the working curve of the 
motor as a function of the slip (Fig. 4). 

The intersection points of the torque circles with 
the working diagram give the torque values as functions 
of the slip. Characteristic points are where the torque 
circles are just touching the working diagram. After 
the instant of starting the torque can increase, but 
can also decrease. The minimum torque is given by 
the circle which touches the working diagram from 
outside. If this contact point is the starting point 
or a point for which the slip is > 1, the torque increases 
after starting, otherwise the torque decreases. The 
rate of change can be seen from the diagram. 

The maximum torque for the no load, no-current 
position is given by the constant torque circle, which 
touches the working diagram from the inside. As for 
the maximum torque the curve is very near to the 
asymptote; its radius is R = x, + % and by applying 
eqn. (lla) we get: 


Ss 


























V Aia TZ 


M nominal 


Ke 


2 (ke + + My) 





mM max = 


A slight error is introduced by taking the circle 
touching the asymptote as the maximum torque circle, 
but this error is compensated for by neglecting the no- 


load current. 
per cent higher than the correct value. 


The calculated value is generally 3-8 


If the no-load current (i) is very big, it cannot be 


neglected, but it can easily be 
when the diagrarn is made. 





gives sufficiently accurate results if x, . 
fo Ts 
Power Factor: We restrict ourselves to the de- 
termination of the maximum power factor. 


For the case of the circle diagram we get : 





Tia 7: Sees to 
COS max = ‘ 
Tia rz + to 
where 
U U 
Tears = ——— and to == 
(te + p) Te Kole 
or 
Ko — (ke + ) 
tee. Uae 
Ko + (ke + ) 


A guiding value for the deterioration of the 
power factor through application of a double cage 
can be gained by comparing the calculated cos max 
with the power factor of a single cage motor for 
y% = 0. The determined conditions and cos¢ give a 
full picture which enables the choice of the most 
suitable slot constants. 


III. EXAMPLE. 


The working diagram of a 4 pole 20 H.P. Ganz 
motor is shown in Fig. 5. If the no-load current is 
neglected we get the continuous curve. For com- 
parison, a dotted curve is also given which has been 
obtained by taking account also of the no-load current. 


taken into consideration 
The above simplification 
U 


< 50. 


The data of the machines are :— 


M nomina = 147 kW; U = 380/220 V; 
I nominai: = 30A 5 t9 = 10A 5 r= 3365; 
X= 1153 re = 0286; r,’=084, 
tf,’ = 0432; X,’ = 115 Q., 

0°365 1:15 
Kye = —— = 128, «, = ——— = 402 ;sW 
0°286 0°286 
220 220 
Ke = T7, D ee tc = —— = IDA 
10 x 0°286 1°15 


V Aiare = 3 X 220 x 191 = 126,200 VA 





































































































n 25 | 3— | 35 | 4—- | 45 | 5— | 55 
220 
= 10°25} 8°55) 7°32) 6°41) 5°70) 5°13) 4-66 
m 30 . 0-286 
™mM 17 | 18) 1-9 | 2— | 2:1 | 2:2 | 23 
Kz 402. 126°2 
10°18} 9°60) 9°10) 8°63) 8:23) 7°85) 751 
2cll mm 2. 14°7 
Starting 
time | ur | ue | & | 42,°C| & | min MMmax | 8P 
sec. 
Single } 
cage | 0 | a 0 |0 | 5-60) 1-65 3-20109 
0 1-95 ae 2:38 2°36) 4°24 2-06)approx 2°25) 0°855 
3 
3 | | 
F 1 a“ 3°58 | 55 4°07) 1:97 
$| & 
§ akan tia 
vu 
a 2 | 2:82) 3-58 | 110 3-93] 1:90] exact 2:13 
8 
—| «| see i 
7 
5 The measured values for 
2 5 the starting point are | 3-97) 1-96 2°15} 0°87 
z marked P in Fig. 5. 
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Fundamental Problems of Direct Current 
High Voltage Transmission 


By U. LAMM. 


BoTH from technical and economic aspects the realization 
of d.c. high voltage transmission must rest upon the 
development of a transforming device which permits 
the conversion of high tension alternating current into 
direct current and the inversion of high tension direct 
current into alternating current. There is no doubt 
that alternating current will remain in use in central 
station practice and for the operation of local distribution 
networks, even when both are eventually supplied from 
direct current transmission systems. 

Of the converter types that can be considered for 
possible practical application, the mercury arc rectifier 
is doubtless the most advanced type. But the possibility 
cannot be entirely ruled out that the Marx rectifier 
(Fig. 1) may eventually prove highly competitive. The 
vital part of the mercury arc rectifier is the ionic valves, 
which permit the current to flow only in one direction. 
Commercial types of mercury arc rectifiers for voltages 
up to 4 kV are available, but it is remarkable that 
despite many years of development this rectifier type is 
still subject to momentary faults known as arc-backs, 
that is, the loss of valve action. 




















Fig. 1. Single pole valve of the Marx type. 


Compressed air is admitted through pipes Z and R and fills the 
chambers surrounding the electrodes. After passing through the 


passages between the main electrodes Hi—Hg2 and grids Si—S2 
respectively the air is discharged through pipes Ay and Ag. Zand 
Za are the ignition electrodes. 


For direct current high voltage transmission a line 
voltage of at least 250 kV, if not higher, is now being 
reckoned with. At the same time the outputs to be 
transmitted are so large that they require the installation 
of several jointly operating converters at each terminal 
station. As will be explained below, a good case can 
be made for the arrangement of the converter units in 
series, which of course is exactly the opposite of usual 
central station practice in which generators and trans- 
formers are operated in parallel. In series operation 
each converter will carry a direct current voltage of 
50 to 100 kV, that is to say, 15 to 30 times the voltage 
hitherto used in practice. The difficulty of suppressing 
the occurrence of arc-backs is consequently greatly 
increased. However, by radically decreasing the specific 
current intensity at the anode and by paying particular 
attention to electrode shape and to the purity of the 
electrode metal it is possible to build conventional types 
of ionic valves which are suitable for relatively high 
voltages. But the same result cannot be achieved by 
merely increasing the distance between the electrodes. 

In operation the cathode spot on the surface of the 
mercury pool constitutes a rich source of electrons. The 
electrons are accelerated by the electric field towards 
the anode and take care of practically the entire transport 
of current. In consequence of the high vacuum pre- 
vailing, the average free length of travel of the electrons 
is very large, but even so the latter collide in the majority 
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(From Teknisk Tidskrift, Vol. 77, No. 13, March 29, 1947, pp. 307-314, 5 illustrations.) 


of cases with neutral mercury atoms and disintegrate 
them into an electron and a positive ion. The significance 
of the ions is that they are present everywhere in the 
arc path in the same degree of density as the electrons, 
thereby cancelling out the space charge of the latter. It 
is this fact which characterises an ionic valve in con- 
tradistinction to an electronic valve ; and the correctly 
chosen vapour density, which provides a sufficient 
quantity of ions while allowing sufficiently free passage 
to the electrons, results in minimum losses and minimum 
voltage drop during the discharge. 

During the commutation period, however, when 
the “ anode ” is negative and consequently tends to act 
as cathode, it lacks the ability of emitting considerable 
amounts of electrons. The few electrons which are 
still in the arc space rush towards the mercury cathode 
while the ions are drawn towards the anode. The ions 
travelling towards the anode cannot, to any considerable 
degree, shatter the neutral atoms as they collide with 
them, and any new electrons are not therefore produced 
in the vapour space in front of the anode. Thus this 
space becomes completely free of electrons, and there 
remains only the cloud of ions which are on their way 
towards the anode. This cloud represents a space 
charge or layer, and equilibrium is reached when this 
layer has become of such a thickness that practically the 
entire voltage drép between anode and cathode takes 
place in this layer. Fig. 2a illustrates this condition. 
Below the layer commences a zone of much lower 
field strength, and there electrons and positive ions 
exist in equal concentration. If no new formation of 
charge carriers were to take place, this condition would 
quickly change and the whole space would be entirely 
free from charge carriers. However, the ions when 
falling through the layer, and thus accelerated by the 
entire potential, attain such a high velocity that by their 
impingement upon the anode surface they succeed in 
dislodging a certain amount of electrons from the anode 








Fig. 2a. Conventional type of mercury arc rectifier for high 
voltage. 


Fig. 2b. Mercury arc rectifier for high voltage with potential 
distributing semi-conductor 8 inserted in anode tube. 


Fig. 2c. Mercury arc rectifier for high vane. equipped with 
several potential distributing electrodes 13, inserted in anode 
tube peed connected with external potentiometric resistor 14. 


Key for Figs. 2a to 2c :— 

1 Mode; 2 Insulating tube; 3 Valve body; 4 Cathode; 
5 Ignitor; 6 Holding anode ; Control grid; 8 Potential dis- 
tributor; 9 and 10 Terminals of potential distributor; 11 and 12 
Resistors ; 13 Potential distributing electrodes; 14 Potentiometer 
type resistor. 
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surface. These electrons come at once under the 
influence of the electric field and are projected towards 
the cathode; and the electrons therefore remain in 
the layer for such a short time that their space charging 
effect can be neglected. However, on their way 
towards the cathode the electrons create new ions by 
impact ionization, thus maintaining an ion layer in front 
of the anode. The aforementioned phenomena are 
responsible for the maintenance of a weak discharge, a 
so-called glow discharge, during the commutation 
period. The magnitude of this current is of the order 
of milliamps and is therefore without any significance 
with regard to the rectifier circuit. 

An arc-back occurs if the glow cathode (at the anode 
of the valve) for some reason becomes converted into 
an arc-cathode. While this phenomenon is still very 
obscure, it appears highly probable that it consists in a 
sudden breakdown of the zone in front of the anode. 
This breakdown is thought to happen if at some point 
of this zone its normal thickness of approximately 1 cm. 
is diminished to such a degree that the field strength 
increases to a value of the order of 1 MV per cm. At 
this field strength electrons can be disengaged from the 
solid surface so that the small electron supply of the 
glow discharge is changed into a very large one. This 
change-over, which takes place in a fraction of a milli- 
second, means that the high voltage drop breaks down 
so that the current can increase to the high values given 
by the short circuit impedance of the external circuit. 
Such a change-over is an accidental phenomenon, but 
the likelihood of its occurrence can be greatly influenced 
by a number of factors. It is, for example, fostered by 
impurities in the anode surface, particularly of such 
consisting of electron emitting substances; or it may 
also be due to gas eruptions from the anode surface. 
The mechanical structure and strength of the surface 
are also of importance in this respect. Proper choice of 
anode material is therefore a matter of prime importance; 
and experience has shown that graphite and iron have 
suitable properties for this purpose. 

From what has been said about the nature of the 
phenomenon of arc-back, it is obvious that the voltage 
limit cannot be increased by increasing the distance 
between the electrodes. In order to effect a real 
improvement, it is necessary to extend the zone over a 
greater length, and this is the method adopted by the 
Asea concern. Referring to Fig. 2b, an elongated piece 
of semi-conducting material is located below the anode, 
the upper end of the piece being electrically connected 
with the anode and the lower end with the cathode. 
This counteracts potential concentration in a thin layer 





















































near the anode surface and enforces the potentia! 
distribution over a longer distance. Subsequently, it 
was found advantageous to adopt the use of separate 
metallic electrodes arranged in the arc space in the 
manner indicated in Fig. 2c. 

The effects of arc-backs can be reduced by providing 
the rectifier valves with control grids. This method has 
long been known as far as low voltage rectifiers are 
concerned, and has been applied with relatively good 
results although one hundred per cent safety has not 
been obtained. It is fortunate that this device can be 
more easily applied to high voltage rectifiers because of 
the smaller amperage carried per anode. In this respect 
the results obtained at the Trollhattan experimental 
plant have been highly favourable. A series of tests was 
made in which an arc-back was artificially produced 
every 10 minutes. Of some 400 arc-backs produced in 
this manner, every one was effectively blocked. An 
experimental plant has been built for automatic un- 
blocking by means of a time relay adjustable for relay 
times from 2 to 0:3 seconds. Tests have shown that 
the blocking time can be adjusted to its lowest value of 
0-3 seconds without the occurrence of renewed arc-back 
after unblocking. For a number of rectifiers coupled 
in series, the classical method calls for the blocking of 
all the rectifiers and waiting until the current has 
decreased to zero, this decrease being delayed by the 
inductance in the d.c. circuit. A quicker way of 
clearing up the disturbance is, as Fig. 3 shows, the 
employment of a by-pass valve placed between the d.c. 
terminals of each rectifier. Simultaneously with the 
blocking of the rectifier, the by-pass valve is opened, 
thereby permitting the direct current to flow past the 
rectifier affected. After 0-2 to 0-5 seconds the rectifier 
can then be unblocked and normal operation restored. 
The entire disturbance is thus limited to a reduction in 
transmitted power by 25 per cent for a period of 0:2 to 
0-5 seconds. 

An experimental line for direct current high voltage 
transmission exists between Trollhattan and Mellerud. 
It is difficult to sum up in a few words the achievements 
made so far, but it can at least be stated that transmission 
of a load of 2000 kW can be carried out for days with 
the disturbances experienced being so slight that they 
would not even be noticed under routine operating 
conditions. At the present time experimental research 
is concentrated at the Trollhattan station where complete 
converter and inverter sets are operated in a closed 
power circuit. ‘This set-up proves highly convenient 
for experimental work, particularly as the transmission 
line as such is without interest and is easily replaced by 
aconcentrated impedance. As 
a next step the design of a 
rectifier for 62:5 kV d.c. and 
25,000 kW has been taken in 
hand ; and four such rectifiers 
would be required for a station 
capable of handling 100,000 
kW at 250 kV. 








Fig. 3. Main circuits of d.c. 
transmission system. 


L=Sending stations. 

L I—L IV—Rectifiers. 
V=Receiving terminal. 

V I—V IV—Inverters. 
11,12 A.C. switches. 
12,22 Main transformers. 
14,24 Main valves. 
15,25 By-pass valves. 

17, 27. Reactors. 

18, 28 Condensers. 
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Wear Resistant and Hot-Strength Metallic Materials—Powder 
Metallurgy as Most Promising Method for their Development 
and Production 


By P. SCHWARZKOPF. (From Powder Metallurgy Bulletin, Vol. 1, No. 6, November, 1946, pp. 86-91.) 


A COMMON trend in modern engineering developments The term wear is understood to designate undesired 
can be characterized as the tendency to further and surface changes of parts in service caused by mechanical 
further increases of speed. —frictional, abrasive or impact—forces. The mechan- 

Increased speed of machine operations produces ism will differ under different conditions. In frictional 
higher stresses and thus increases wear. Progress of metal-to-metal wear, e.g. the welding together of the 
engineering, therefore, depends on the availability of surfaces sliding against each other will play a dominant 
construction materials with higher wear resistance. part. In all cases, however, the basic process resulting 

As far as the field of engines and prime movers is in wear is a tearing off or dislocation of surface particles. 
concerned, the development is dominated by a second Wear will, therefore, be determined by the strength of 
trend, that is, the tendency toward higher and higher the cohesive forces binding together the building stones 
working temperatures. The efficiency of practically all of the material. 
engines developed so far increases rapidly with the Applied to single crystals, this means that wear 
working temperature and improvements are therefore resistance is proportional to the cohesion of the atoms 
dependent on the availability of construction materials in the metal crystal. In polycrystalline materials, 
which exhibit high mechanical strength and wear resis- however, the strength of grain boundaries must also be 
tance of continuously increasing temperatures. There taken into consideration. Even if the atomic cohesion 
is, however, an additional requirement : since operation within the individual crystallites is very high, wear can 
ofall engines in use today takes place in corroding atmos- occur by removal or displacement of entire grains. 
pheres such as steam and combustion gases, the materials Thus, the requisites for high wear resistance are : 
must also exhibit corrosion resistance at elevated 1. High cohesion of the matallic material, that is to say, 
temperatures. ' . high binding forces between the metal atoms ; 

The new materials will not only do the work for 2. High boundary strength, that is to say, high binding 
which they were intended, but they will also enable the forces between metal and boundary material and 
engineer to solve problems which previously he could high binding forces between the individual building 
not have dared to attack. Attempts to increase the stones of the boundary material. 
working temperature, and thus efficiency, of the steam If, in first approximation, the discussion of these 
engine have not only resulted in the development of requirements is limited to single crystals, it can be safely 
new heat resisting materials, but—more important— stated that high wear resistance can be expected to be 
have also increased our understanding of physical found in materials of high melting and evaporation 
phenomena, such as creep, which determine the high- temperatures. These temperatures are closely related 
temperature performance of metals. Without this know- to the energy required to break the bonds holding the 
ledge and experience, it would have been impossible to atoms together, and will be the higher the stronger these 
develop materials for gas turbines, turbo-superchargers bonds are. The theory of absolute reaction rates 
and jet propulsion. Turbine materials available at developed by Eyring and co-workers! correlates quantita- 
present are still far from being fully satisfactory. The tively the activation energy required for breaking 
demand, however, will certainly lead to improvements interatomic bonds in metals with the activation energy 
and new theoretical concepts ; and this progress will, of sublimation, and this correlation has been confirmed 
in the future, enable the engineer to attack problems by measurements, e.g. of the diffusion of metals in the 
such as the utilization of atomic energy. solid state. Another demonstration of the correlation 

between cohesive forces and sublimation energy is 
WEAR RESISTANT MATERIALS. based on the concept that part of the energy expended 

The development of modern wear resistant materials in breaking a crystal must reappear as the energy of the 
had its starting point in the demand for cutting tool and newly formed surface. The third law of thermody- 
wite drawing die materials. Attempts to utilize the namics permits, as has been recently shown by Fricke,?, * 
favourable mechanical characteristics of carbides led to the calculation of the potential energy of surface forma- 
the development of the cemented carbide—hard metal tion from the heat of sublimation. 

—tool materials. Continued demand for increases in The theory, thus far, permits the conclusion that 
machining speed resulted in continued improvement of highest wear resistance can be expected of materials 
the tool materials, and the experience thus gained per- having high melting and evaporating points. The 
mits, today, the application of hard metals in numerous so-called refractory metals, which on account of their 
other applications requiring high wear resistance. high melting points can be processed by powder 
These applications include dies of all types, for metal metallurgy techniques only, appear, therefore, the logical 
work as well as for ceramics ; spring coiling and other choice. : 
wire coiling guides ; guides for the textile, paper and Our analysis was, however, oversimplified by 
leather industries ; mill rolls; mill balls; crushing considering atom-to-atom bonds only and neglecting 
ers; valves and valve seats; lathe and grinder the strength of the boundaries of polycrystalline 
centres ; lathe work rests ; box tool blocks; gauges of materials. It remains, therefore, necessary to investi- 
all types; indicator points; cams; and many other gate in what direction and to what extent powder 
parts. The economical importance of wear resistant metallurgy techniques can be expected to affect boundary 
Materials is clearly reflected in the fact that the produc- strength. The advantages gained in atom-to-atom 
ton volume of hard metals for applications other than strength by using refractory metals and powder 
tools is expected to outweigh rather soon the production metallurgy techniques would be lost if powder metal- 
volume for tool materials. lurgy would produce parts of poor boundary strength. 

Our knowledge of wear resistance of metallic During the last decade, we have increased our 
materials is essentially of empirical nature. It is difficult understanding of fundamental processes of powder 
0 correlate wear resistance with other mechanical metallurgy. The development and production work, 
characteristics, and text books on Physical Metallurgy particularly in the powder metallurgy of iron and steel, 
usually completely neglect wear resistance. In practice, has provided us with data which support our theoretical 
lardness—and particularly scratch hardness—is con- conclusions, and considerable practical progress has been 
sidered as indicating wear resistance. achieved on the basis of the new theoretical concepts. 
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The theory is discussed in detail elsewhere‘. The 
conclusions reached may be summarized as follows : 

Powder metallurgy permits a close control of 
composition and structure as well as amount of boundary 
materials. This control of the factors determining 
boundary strength is not possible in production methods 
involving solidification from the liquid state. It could 
therefore be expected that powder metallurgy can 
principally produce higher boundary strength than is 
possible with conventional methods such as casting. 
Laboratory experiments have already confirmed this 
prediction : by complete elimination of residual porosity 
we were able to produce by powder metallurgy parts 
which were stronger than corresponding cast and 
wrought products. 

Our discussion thus points definitely to powder 
metallurgy as the logical choice for the production of 
wear resistant parts. The main points of our argumen- 
tation have been the following : 

1. Wear resistance depends on two factors: the 
strength of atom-to-atom bonds and the strength 
of boundaries. 

High atom-to-atom bonding forces will be found in 

high-melting metals which can be processed by 

powder metallurgy only. 

If residual porosity is completely eliminated, 

boundary strength, too, can be expected to be higher 

in the case of powder metallurgy than in that of cast 
materials. 


HOT-STRENGTH METALLIC MATERIALS. 


The engineer and metallurgist is today inclined to 
think of high-temperature materials in terms of materials 
required for turbo-superchargers, gas turbines and jet 
propulsion, particularly in terms of turbine blades. 
The development of materials that retain high strength 
and resistance to wear and corrosion at elevated tempera- 
tures is, however, an old problem. The numerous 
applications of such materials, recently summarized by 
Harder,’ include resistor elements; exhaust valves ; 
spark plug electrodes ; piercing points, plugs and guides 
for seamless tubing ; equipment for boiler systems and 
steam turbines ; magnesium retorts ; equipment for the 
petroleum and other chemical industries. 

As in the discussion of wear resistant parts, we 
simplify the discussion by first considering single crys- 
tals. Strength and resistance to deformation at elevated 
temperatures will again be determined by the strength 
of atom-to-atom bonds, and therefore be related to the 
energy required for melting and evaporation. This 
relationship forms the basis for the application of 
Eyring’s theory of absolute reaction rates to the creep 
problem® 7 *. An experimental confirmation can be 
seen in the observation of Smithells® that pure single 
crystals of tungsten exhibit no measurable creep. 

Considering polycrystalline materials, it can be 
expected that boundary strength plays a dominant part 
in the high-temperature strength of metals. Small 
amounts of impurities in the boundary decisively affect 
creep and other high-temperature characteristics. 

The requirement of high atom-to-atom bonding 
strength points again to high-melting materials which 
can be processed by powder metallurgy only. The 
control of composition and structure of boundary 
material possible with powder metallurgy will make 
sintered products superior also as far as boundary 
strength is concerned. 

So far, the argumentation in favour of powder 
metallurgy production methods for high-temperature 
materials is identical with that presented for wear 
resistant materials. However, the case for high- 
temperature materials becomes even stronger when 
recrystallization phenomena are taken into consideration. 
It is obvious that high mechanical strength and stability 
can be expected only at temperatures below the range 
within which weakening of atom-to-atom bonds takes 
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place. The higher, therefore, the operation temperature, 
the higher must be the temperature range of recrystalliza. 
tion. This also means that the higher the opcration 
temperature, the higher must be the melting point of 
the employed material. In applications such as tur. 
bine blades, the service temperatures are so high that 
only the highest melting metals of the refractory group 
meet this requirement. 

The turbine blade material which up to date shows 
the highest stress-rupture strength at 1600 deg. F, is 
the Cr-W-Fe alloy developed by Climax-Molybdenum, 
According to Parke and Bens,’® the recognition of the fact 
that high strength at high temperatures can be expected 
only of high melting materials has been the basis of the 
development work which led to the Climax-Molybdenum 
alloy. 

It is, in this connection, worth mentioning that L. 
B. Pfeil’! directed attention to the fact that sintered 
platinum has a higher creep resistance than cast platinum. 

The evidence presented appears sufficient to justify 
the claim that the use of high-melting materials of the 
refractory group, and thus the application of powder 
metallurgy, is indicated for the manufacture of parts 
requiring high strength, dimensional stability and 
resistance to wear at high temperature. 

As pointed out before, the construction materials to 
be used in developments such as gas and jet turbines 
have to meet an additional requirement, that is, corrosion 
resistance at elevated temperatures. At present avail- 
able products of powder metallurgy, such as refractory 
metals and cemented carbides, are corrosion resistant 
at low and moderate temperatures (and _ therefore 
suitable for most wear resistant applications), but lose 
this resistance in many high-temperature applications. 


SUMMARY. » 


In these cases, it becomes necessary to replace the 
carbides by other substances which are closely related 
to carbides in chemical nature and similar in mechanical 
characteristics but exhibit in addition corrosion resis- 
tance at high temperatures. Such substances are known 
and available, and the same principles on which the 
development of the cemented carbides was based can 
also be applied to these substances. The improved 
techniques of powder metallurgy, and particularly the 
experience accumulated not only in the development of 
cemented carbides but recently also in the development 
of ‘cemented steel and iron,’*, 1%, 1 should make it 
possible to bond satisfactorily, by cementing, also the 
new materials. 

It is conceivable that cementing studies with new 
substances of the refractory group—these studies are 
necessitated to meet the requirements for corrosion 
resistant high-temperature materials—will also result in 
new products which in wear resistance at normal 
temperatures are equal or even superior to cemented 
carbides. 
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A New Caloriscope 


By R. DucHéNe. (From fournal des Usines 4 Gaz, Vol. 71, No. 1, January, 1947, pp. 3-7, 6 illustrations.) 


Ir is proposed that types of calorimeters which are only 
moderately accurate and used for comparative purposes 
only should be classified as “ caloriscopes.” The 

Simmance caloriscope, which is a type often used in 

gas works, can be improved in design and the author 

suggests an apparatus on the following lines. 

If a copper tube of, say, 40 cm. (153 ins.) long, open 
at both ends, is positioned over a gas flame so that the 
burned gases pass through it (Fig. 1) it will expand 
and within certain limitations, the elongation will 
represent a measure of the heat produced by the burning 
gas. The practical use of such a simple form of 
measuring is difficult, however, because of the necessity 
to:— 

(a) correct the variations of length due to 
different ambient temperatures ; 

g (b) Keep the efficiency of the heat exchange 

between the flame and tube as constant 
as possible, in spite of variations of the 
calorific value ; 

(c) maintain constant the gas supply to the 
burner in spite of the susceptibility of the 
specific gravity to variations in tempera- 
ture and differences of composition ; 

(d) accurately measure elongations of, say, 
14 mm. (,4 in.) within 1 per cent without 
precision instruments. 

However, these difficulties have been over- 

come in the following way. (See Fig. 2.) 
Two similar copper tubes ¢, and f, of 

about 20 mm.(? in.) inside diameter with both 

ends open, are fixed at their upper ends, in 
vertical positions, whilst the lower ends are 

kept free. These tubes carry rigid arms, b, 

and b,, extending towards each other and a 

small mirror M, having two points, rests with 

one on 6b, and the other on 6, so that if b, 

Fig. 1. moves up or down, the mirror moves through 
a certain angle about an axis determined 

by the two points resting on b,. A light beam coming 
from a light source S is reflected on to a graduated 

screen E, 

Thus, if the ambient temperature varies, the two 
tubes expand or contract to the same extent and the 
light spot does not move. (See paragraph (a) above.) 

If the tube t, is heated in the described manner by 
a burner b, it expands and the light beam is deflected 
into the dotted direction (Fig. 2). The details of the 
mirror mounting are given in Fig. 3 and this overcomes 
the difficulty mentioned in paragraph (d) above. 

The tube ¢, is a sort of gas radiator regarding which 
the governing natural laws are well known; and its 
efficiency varies with the heat supply of the burner. To 
keep this variation as small as possible the air supply 
should be controlled in such a way that combustion 
takes place in the most favourable theoretical conditions. 
This can easily be realized by a shutter at the top of t, 
which compensates for the difficulty mentioned at (b). 

The difficulty referred to at (c) has not yet been 
solved satisfactorily. The method used by Simmance 
is regarded as unreliable ; the differences can usually be 
neglected, however, as they are in any case smaller than 
the tolerances accepted in using a caloriscope. A method 
for calculating the correction by means of data given by 
the instrument proposed is as follows :— 

The instrument is calibrated by burning a gas of 
known calorific value. First the zero position and then 
the amount of deflection of the spot are marked when 
the known gas is burned. With a gas supply of about 
30 litres min, the light spot will move 10 mm (-4 in.) 
for 100 Cal. This sensitivity is superior to that given 
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by galvanometers used in connexion with calorimeters 
for water circulation. 

It is recommended that the instrument should be 
frequently recalibrated and that a gas of known calorific 
value be kept in stock. Cylinders filled with compressed 
gas are useful, and a reducing valve delivers the gas at 
the required normal pressure. 

For: recording measurements the usual graduated 
screen can be replaced by photographic paper mounted 


187 





on a drum driven by a clock mechanism. This drum 
must be housed in a case which admits the light, from 
the mirror only, through a narrow slit. 

As already mentioned, readings are only valid if the 
density of the gas varies within narrow limits, and if 
the calorific value does not deviate too much from the 
standard gas used for calibration. The limits can be 
taken as +15 per cent. 

If one deals with a gas which differs by more than 
20 per cent it is possible to dilute the gas with air until 
the calorific value is brought within reasonable limits. 

If there are large variations of the specific weight of 
the gas one can proceed as follows: Let m) be the 
deflection for the standard gas, K, the factor for 
aerological correction given in the usual tables as a 
function of temperature and pressure, and to the time 
necessary for the discharge of a given arbitrary volume 
of gas. Similarly, let n, K, and t be the corresponding 
values for the gas under investigation. The calorific 
value is then given by 


GERMANY 


ee 
H = ——... H, 

No . Ky . in) 
Example : Assume the standard gas has a calorific value 
of 3800 Cals., Ky=1-1, my=250, and ft) is 4 minutes 
and 8 secs., which is the time required to fill two litres, 
For the experiment with the gas under investigation, 
K=1-0, n=265 and t=3 min. 50 secs. Hence 


265 x 1-0 x 230 
H = ————- *. 3800 = 3510 
250 x 1-1 x 240 


It can easily be measured by means of a 3-way cock, 
shown in Fig. 4, which lets the gas pass through 3 
burner similar to the one used with the caloriscope and 
into an inverted round measuring flask of known volume, 

It must be remembered that the instrument is , 
caloriscope and not a calorimeter. Consequently, its 
use is not recommended for the verification of 
contractual calorific value. 


Structural Viscosity as the Cause of Lubricating Properties 


By H. UmstTATTER. (From Die Technik, Vol. 1, No. 1, July, 1946, pp. 46-52, 14 illustrations.) 


Tue hydrodynamic theory of bearing friction, which 
has previously been accepted, regards viscosity as being 
dependant upon temperature and pressure, and neglects 
that it may also depend upon the velocity gradient. 
This misconception was earlier referred to by the author, 
and it has been shown that “ structural viscosity,” 
resulting from the effects of velocity gradients, is a 
common property of liquids of all molecular weights, 
although it was thought to be a property of colloids 
only. 
Decreasing viscosity with increasing velocity gradient 
is a characteristic of every rheonomic system within a 
clearly-defined range of velocity gradients, and the 
critical velocity gradient is lower when the molecular 
weight of the system is higher. 
The law of displacement of relaxation is applicable : 
pRT*dlogeno 
Oi ein oe (1) 
»MdT 
G = velocity gradient in sec.-} (critical) ; 
p = specific gravity, gr/cm® ; 
T = absolute temperature in deg. K. 
n = viscosity in poises (gr/cm. sec.) ; 
= gas constant in erg./deg. and mole ; 
M= molecular weight ; 
oa = d loge G/d loge P lubricity or oiliness. 
Lubricity which is a term generally used in a more 
or less indeterminate sense, here means the slope of 
the yield curve, i.e., the curve of velocity gradient 
plotted against tangential stress eqn. (1), after substi- 
tution and integration with respect to 7 and T, yields : 
A 7M 
o/G = ——_ .. ae (2) 
pRT 
which can be identified with Debye’s relation between 
particle radius and relaxation time, viz. : 
4r an 
r= ae mr (3) 
kT 
where r is the molecular radius and k, Boltzmann’s 
constant. 
Thus the relaxation time is apparently proportional 
to the quotient of lubricity and critical velocity gradient, 


which is that part of the flow curve which is steepest 
to show that lubricity is at a maximum. Unlike 
Debye’s relation, which is limited to spherical molecules 
only, the displacement law (1) holds good and applies 
to all molecular systems as, for example, the filiform 
system. 

The twin set of curves in Fig. 1 are velocity gradients 
as functions of lubricity, or viscosity, plotted against 
temperature, and based on assumptions relative to the 


displacements law. G assumes values between 10 and 
600 Mc/s., corresponding to lubricating oils of mole- 
cular weights between 500 and 50,000, and viscosities 
between 1 and 200 Cs. These are values of the velocity 
gradient which have never yet been observed, as the 
highest values so far measured at a transpiration pres- 
sure of 100 atmos. were only in the order of 200 kc/s. 
At velocity gradients of about 1 Mc/s secondary effects, 
due to a temperature rise from heat generated by 
friction, become conspicuous and hamper observation 
of the structural viscosity. According to the graph, 
structural viscosity should not be expected for lubri- 
cating oils with molecular dispersion, nor has it actually 
been observed within this range. Yet in plain bearings 
velocity gradients far in excess of those that have been 
realized in viscometers are bound to occur. They may 
be calculated from the relation : 
arian 
G = ——... ne (5) 
60 ho 

where 


r = radius of the journal ; 

n = speed (r.p.m.) ; 

ho= minimum film thickness in the bearing. 
Substituting 

R-r 

— = relative play in the bearing . .. (6) 


; 
h 

= = § minimum relative film thickness of oil film (7) 
ow A 


where R is the radius of the bearing shell, then 


@ 


(8) 


8 
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Fig. 1. Pertaining to the law of displacement of the relaxation. 


in other words, maximum velocity gradient in the 
bearing is equal to angular velocity, divided by relative 
film thickness multiplied by the relative play. The 
relative play does not vary considerably for different 
kinds of bearing, and certainly not as much as the other 
factors. A table drawn up on this relationship, and 
covering all speeds of technical interest from 80 up to 
20,000 r.p.m., reveals that only in low speed machines 
do velocity gradients occur within the range of the 
telaxation times of colloidal systems, wherein structural 
viscosity has been observed, but the velocity gradients 
of fast-running journals are so high that even oils with 
molecular dispersion should display molecular viscosity. 











VELOCITY GRADIENTS IN PLAIN BEARINGS. 


To realize velocity gradients of this order in vis- ost 
cometers, temperature rises of the oil in the capillary j 
must be carefully avoided. This is achieved by shorten- f 
ing the time spent by the oil in the capillary, or taken : 


i passing through the capillary. " 
te ° oP . . 2. Structural vi: ter used in the plotting of yield 
The work of friction supplied per unit time is om ructura’ curves of lubricants. ” 
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n dv* f 


dy 
while the work of friction absorbed as heat per unit 
time is 


Wdy pC, dTf 


dt 
Finally, the heat dissipated per unit time is 
W AdaT f 


dy 


R, = 


R,= 


therefore 


- —— 


ia dt dy 


ndv? dy pC, A 
WdT (= 
dy 


n dv? dt 


= a0 sie, C9) 
W (dy? p C, + Adt) 

where 7 is the viscosity in poises (gr./cm., sec.), du is 
the relative velocity in cm./sec., dy is the film thickness 
in cm., Cis the specific heat at const. volume in Cal./gr., 
p is the spec. gravity in gr./cm', A is the heat conductivity 
in Cal./deg. C., cm., sec., dt is the time spent in the capil- 
lary in sec., dT is the temperature rise in the capillary, 
and W is the mechanical equivalent of heat in erg./Cal. 
The time spent in the capillary should be so short 
that a steady flow of heat cannot develop, because 

dl/dt = v, (9), yields : 

n dv? dl 


W (uv dy? pC, + Adl) 

The shorter the capillary, the less significant will 
be the temperature rise within limits determined by 
the Hagenbach corrections and the critical Reynolds 
numbers. Whilst there is no danger of exceeding 
Reynolds numbers, the limit of the Hagenbach cor- 
rections should, as a rule, be approached fairly closely. 

Calculations show that increasing the velocity 
gradient without risking an undue temperature rise is 
only possible by shortening the capillary to a tenth of 
its original length, or less, with a consequent reduction 
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Fig. 3. Yield curve of an Oppanol-solution (W. Philipoff.) 
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Fig. 4. Plot of viscosity against velocity gradient. 
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of the stored volume. Thus a viscometer of the -i0zzle 
type with microburette is the result (see Fig. 2). Rota- 
tional viscometers with a closed lubrication interspace, 
are unsuitable, as this would mean that the oil has to 
stay in the gap for an infinitely long time. This, 
of course, accounts for the considerable temperature 
rise of lubricants in plain bearings. In the nozzle type 
of viscometer the length of the capillary is still consider- 
able compared with its diameter, so that appreciable 
Hagenbach corrections can be avoided, and the con- 
ditions of the Hagen-Poiseuille law still obtain, ice, 
laminar flow conditions without perceptible kinetic 
energy. 

When plotting the velocity gradient against  tan- 
gential stress, the well-known S-shaped yield curves 
result (see Fig. 3). These show an inflectional tangent 
at the point of maximum slope (maximum of lubricity), 
The graph of viscosity plotted against velocity gradient 
(Fig. 4) gives an S-shaped viscosity curve reminiscent 
of dispersion curves. It represents the values of the 
viscosity in individual points of the interspace at the 
velocity gradient actually obtained there. 

The deliberate abandonment of the general assump- 
tion of hydrodynamic theory, viz., that the viscosity 
is independent of the velocity gradient leads to the 
following conclusions. 


THE BLUNTING OF THE HYDRODYNAMIC 
PRESSURE PEAK. 


A variable velocity gradient exists in the sickle- 
shaped interspace of the plain bearing. Where the 
interspace narrows, hydrodynamic pressure is positive, 
whereas in its widening sections the pressure is nega- 
tive. It is well known that fluids cannot, in general, 
sustain negative pressures (suctions), and where they 
occur, bubbling of the liquids with heavy erosive ¢ ffects 
(cavitation) is the consequence. Positive hydrodynamic 
pressure, however, freely developes (builds up), and 
actually carries the load. The load-carrying capacity 
of the plain bearing is thus equal to the product of 
hydrodynamic pressure and bearing area. Now 
because the distribution of hydrodynamic pressure 
in the interspace is not uniform, but rises from 
zero value. in the widest space to a maximum im- 
mediately preceding the point of closest approach, 
the concentration of the load is at that point and is, 
therefore, the susceptible point in the plain bearing 
apart from the possible occurrence of cavitation. Conse- 
quently, the bearing must be dimensioned to prevent the 
hydrodynamic pressure from exceeding the strength of 
the bearing material at that point. The actual problemis 
how to do this without impairing the load carrying capa- 
city of the bearing, to enable smaller types of bearing 
to be used for increased loading. This, in turn, 
depends on obtaining a more uniform pressure distribu- 
tion, preferably so that the product of pressure and 


Cavitation 


Fig. 5. Blunting of the hydrodynamic pressure peak due 
to structural viscosity. 


(a) Purely viscous oils, steep pressure peak. 
(b) Structurally viscous oils, blunt pressure peak. 
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bearing area remains constant. This can actually be 
achieved by using structurally viscous lubricants, be- 
cause the hydrodynamic pressure only depends on the 
viscosity of the oil, when the rate of change of the velocity 
gradient remains constant. It has a maximum for 
dp/dx = 0. Hence, if the viscosity in this point is 
lower than that of an oil of pure viscosity, the pressure 
in this case will also be lower. In the widening parts 
of the interspace the velocity gradients are lower. Thus, 
when selecting a suitable lubricant of structural viscosity, 
for which the velocity gradient can exceed those of normal 
viscous lubricants, its hydrodynamic pressure will also 
exceed that of conventional oils. It follows that the 
hydrodynamic pressure graph will be flattened by com- 
parison with that of normal oils, and thus represent a 
more uniform distribution of pressure on the circum- 
ference of the bearing. It is even possible to make the 
areas of the two diagrams equal to each other, which 
means equal load carrying capacity of the two oil films, 
although the specific loading in the danger zone is 
lower for the structurally viscous oil than for the con- 
ventional lubricant. It is this fact that brings about 
the improvements mentioned above. Structural vis- 
cosity thus has the effect of blunting the hydrodynamic 
pressure maximum without lowering the load carrying 
capacity of the film. Further obviously favourable =ffects 
due to the reduction of the area of friction are a saving 
of material and reduction of friction losses in the bearing, 
these facts having been established by experiments of 
Vieweger and Hesser for the high molecular voltols 
(lubricants polymerized in vacuum by electric glow 
discharges) whose structurally viscous characteristics 
have also been ascertained. 

The different behavior of the two types of lubricants 
is strikingly illustrated by the two contrasting hydro- 
dynamic pressure diagrams of Fig. 5. In the case of 
normal viscosity the journal seems to run on a pointed 
pressure wedge and for a structurally viscous oil, on a 
blunt wedge or cushion. 


THE SHARPENING OF THE HYDRODYNAMIC 
PRESSURE DIAGRAM. 

It should be noted that the viscosity of conventional 
lubricants shows a slight dependence on pressure, as it 
rises sensibly with pressure increase. This has the 
opposite effect from structural viscosity. Viscosity be- 
ing highest at the hydrodynamic pressure maximum 
will cause a further sharpening of the pressure maximum. 
This etfect will be most marked for oils having a steep 
viscosity-pressure curve. Instances of this are to be 
found in hydrocarbons with cumbrous molecular 
structure, such as asphalt base lubricating oils with 
condensed ring systems and short, branched, chains, 
which are known to possess not only steep viscosity- 
temperature, but also steep viscosity-pressure curves. 
Their established poor performance as lubricants, where 
temperature sensitivity and “ lubricity ” are concerned, 
confirms the statements made above, and they even 
exhibit a bad tendency to bubbling and cavitation. 


INVESTIGATION OF THE RHEOLOGICAL 
PROPERTIES OF LUBRICANTS. 

_ It must be borne in mind that all the phenomena 
discussed are of a purely rheological character, and well 
within the hydrodynamical range, so that boundary layer 
effects do not come into consideration. Boundary layer 
effects become conspicuous only where film thicknesses 
are below 0°1 micron. Excluding extreme cases where 
both effects may exist and baffle analysis, there may 
Sometimes be anomalies in the purely hydrodynamical 
region unexplainable by either the viscosity-temperature 
or the viscosity-pressure curves. In these cases, how- 
ever, investigating these phenomena may be resorted to 
on a specially developed hydrodynamical bearing-testing 
machine, based on an original construction of Heide- 
broek and Niicker, and suitably modified to meet the 
special purpose. This machine is still in the experi- 
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Fig. 6. Bearing characteristics according to Bauer. 


mental stage and a full report will be published after the 
conclusion of the tests. 

For practical purposes, however, the use of Bauer’s 
bearing characteristics will be far simpler, and is there- 
fore preferable. From these charts the relative lubri- 
cating film thickness may be read off directly when the 
bearing play, angular velocity, bearing load, and vis- 
cosity, are given, and the bearing width ratio is known, 
assuming the use of a lubricant of pure viscosity (Fig. 6). 
It is then easy to determine the velocity gradient from the 

peripheral speed 





relation velocity gradient = 
lubricating film thickness 
Under this critical velocity gradient, the displacement 
law diagram shows the molecular weight of the required 
addition to the lubricant to produce the said velocity 
gradient in the given range of viscosity. Furthermore, 
as this depends on the lubricity (slope of the yield curve), 
and on the viscosity-temperature function, these charac- 
teristics have to be determined by using a viscometer. 
The practical method is to prepare a series of tentative 
mixtures of the lubricant with different additions for a 
first general orientation and to select the mixture having 
its nmiaximum of structural viscosity at the velocity 
gradient obtaining in the bearing (lubricity maximum). 
The static viscosity of the structurally viscous oil 
must be higher, and the dynamic viscosity lower, than 
the corresponding values of an otherwise comparable, 
purely viscous oil. It will suffice to match the men- 
tioned additions with certain types of plain bearings, simi- 
lar to the procedure for the viscosity of the lubricants. 
In the result, additions will be obtained of a definite 
degree: of polymerization suitable for spindle oils, 
turbine oils, engine oils, cylinder oils, gear oils, etc., 
which may either be found by calculation or by tests 
in the same way as the corresponding basic lubricants 
would be ascertained. 
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BELGIUM 


E.M.F. Wave Harmonics in Alternators—Causes and 


Means of Elimination 


By J. Listray. (From Bulletin Scientifique de I’ Association des Ingénieurs de Montefiore, Vol. 59, September, 1946, 
pp. 383-418, 17 illustrations.) 


VOLTAGE harmonics in alternators give rise to overloads 
and excessive stresses in cables and insulator dielectrics, 
as a result of network resonance at higher harmonic 
frequencies, and also induce audio frequency dis- 
turbances in telephone circuits running alongside 
transmission lines fed by the machine. Furthermore, 
the causes of e.m.f. harmonics in alternators are nearly 
always the source of various other losses in these 
machines. 

E.m.f. harmonics are due to four main causes : 
(1) the harmonics in the space distribution of the field 
system ; (2) harmonics of the armature reaction ; 
(3) tooth ripples, i.e., harmonics of the field system due 
to the 2ffect of stator teeth ; (4) the reaction of currents 
induced by the stator teeth in the damping cage. The 
three first causes are classical, but the fourth seems to 
have been hitherto less thoroughly investigated. 


I. FIELD SYSTEM HARMONICS. 


When the field H moves at a velocity v relative to 
the armature, the instantaneous e.m.f. e=H.Lv is 
induced in a conductor of the stator, and as wv is con- 
stant, the relation e=/f(t) with all its harmonics is a true 
representation at a certain scale of the law H=f(x) 
characterizing the field distribution in space with re- 
gard to the stator. Therefore, this space distribution 
should, as far as possible, be made to approximate a 
sine-curve. In turbo-alternators this is obtained by 
distributing the field winding over several slots. In 
salient pole machines, a variable air-gap is sometimes 
used with suitably-shaped pole shoes. If the salient 
poles have a narrow air-gap which is constant over the 


entire pole arc, the magnetic field will be very nearly 
rectangular in shape, and its corresponding Fourier 
series shows that any given field harmonic can be 
eliminated by a suitable choice of the ratio b/a of pole 
arc to pole pitch. For instance the 3rd harmonic is 
eliminated if b/a=2/3, the 5th when b/a=4/5, the 


7th when b/a=6/7 or 4/7, etc. This elimination is. 
however, only approximate because of the spreading 
of the magnetic lines at the poles. 














If the field shape is already determined, it will still 
be possible to reduce and even to cancel out some of 
the harmonics of the total induced e.m.f. by distri- 
buting the conductors of a same phase over m slots per 
pole per phase. Voltages of a given harmonic induced 
in the conductors of two consecutive slots will then be 
dephased by an angle n. «=7/m.q, where n is the 
order of the harmonic and g the number of phases of 
the stator. The reduced e.m.f. of this harmonic is 
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then given by the distribution factor K,=sin (n7/2q)/ 
m .sin(n7/2mq), which represents the ratio of the 
vector sum of the e.m.f.’s induced in the m slots per 
pole per phase to their arithmetic sum. As «& is gener- 
ally small, the distribution factor of the fundamental 
(n=1) is only slightly less than unity ; and the value 
of K, decreases for higher harmonics, as the angle 
n.@ increases (see Fig. 2), so that there will be a 
relative reduction of harmonics in the total voltage of 
the machine. 








Fig. 2. 


Use of a fractional pitch. Any individual n-th 
order harmonic can be eliminated by spacing the out- 
going and incoming conductors of a stator winding at a 
distance d=a(n-1)/n, where a is the distance of a pole 
pitch, and m the n-th order harmonic of the field system. 
Relative to this harmonic the conductors are then at 
any instant in fields which are equal and of the same 
sign, and the corresponding e.m.f. for the entire coil 
is therefore zero. Thus, for instance, the 3rd harmonic 
can be eliminated if d=2a/3, the 5th when d=4a/5, 
the 7th when d=6a/7 or 4a/7 (see Fig. 3). 
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As the value of the reduction factor for the n-th 
order harmonic is sin(m7d/2a), a slight decrease in 
pitch will thus generally bring about a reduction of 
the e.m.f. which will be more important for the har- 
monics than for the fundamental. 


THE ENGINEERS’ DIGEST 





TABLE I, 





Shorter pitch Reduction factors 





m Fun =| 

2 3 | 4 mental | 
11/12 | 9:99 | 
na 0-985 
10/12 | 0:966 

a | 0-940 | 

9/12 | 0-924 | 





5/6 | os 
e 7/9 


46 | «6/9 8/12 0-866 





Combination of phases. In three-phase alternators, 
the e.m.f.’s of the 3rd harmonic and its multiples are in 
hase in the three windings. In a star-connected 
alternator they will therefore disappear from the ter- 
minal voltage. In a delta connection they will also 
vanish but in this case as a result of the voltage drop 
due to the current created by the 3rd harmonic which 
is circulating in the closed delta circuit. The other 
harmonics retain at the terminals the same relative 
values as in the voltage of one winding. 


I]. HARMONICS OF THE ARMATURE REACTION. 


In a polyphase alternator connected with a symme- 
trical load and giving a sinusoidal current the magneto- 
motive force of the armature reaction contains harmonic 
components due to the limited number of. phases and 
slots. The analytical investigation shows that the field 
harmonics as well as the fundamental have a constant 
amplitude and rotate with a uniform motion either in 
the direction of the main field or in the reverse direction. 
Harmonics of orders which are multiples of the number 
of phases do not occur. The pole pitch of the n-th 
harmonic field is m times smaller than that of the funda- 
mental field, but as its velocity is reduced in the 
same ratio, the e.m.f. generated by it in the armature 
conductor will always have the frequency of the funda- 
mental. In salient-pole machine the conditions are 
different : the air-gap is discontinuous and the funda- 
mental term of the armature’s e.m.f. already creates 
by itself a flux distortion similar to that of d.c. machines, 
which may therefore give rise to e.m.f. harmonics in 
the terminal voltage. 

In single-phase alternators, the armature flux is a 
pure alternating flux, but it can be regarded as con- 
sisting of two magnetic fields travelling in opposite 
directions at the same speed, and with a constant 
ee equal to one half of the actua! alternating 

eld. 

The direct field is stationary relative to the rotor 
and combines with the main field to give as in a poly- 
phase alternator a resultant field which has a constant 
amplitude. The reverse field moves relative to the 
stator at twice the synchronous velocity and induces 
inthis winding an e.m.f. of frequency 2w. The current 
of frequency 2w is closed by means of the exciting 
circuit and in turn generates an alternating flux of the 
same frequency which is superimposed on the main 
field flux. This alternating flux can also be resolved into 
two rotating fields with a constant amplitude equal to 
half that of the resultant field, and rotating at twice 
the synchronous velocity with respect to the stator and 
in Opposite directions. The direct field which is also 
displaced mechanically by the stator, revolves relative 
tothe armature at three times the synchronous velocity, 
and will therefore induce in the stator a 3rd order 
em.f, harmonic. 

_ Considering in the same manner the various indi- 
vidual and mutual effects between the stator and the 
totor of the harmonics created in the machine, it will 
be seen that the odd-number harmonics 3, 5, 7, etc., 
appear in the stator, whereas the even harmonics 
2,4, 6, etc., are generated in the rotor where they are 
superimposed on the continuous excitation current. 

_ The e.m.f. harmonics just considered are generated 
m the stator by magnetic fields with the same pole 
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pitch as the main field system but revolving at speeds 
which are multiples of the rotor velocity. The induced 
e.m.f. harmonics combine together in the same way as 
the fundamental induced in the individual conductors, 
and will therefore retain in the total alternator voltage 
their relative importance which is thus the same as in 
a single conductor irrespective of the type of stator 
winding used. 

The only effective solution is to design the rotor 
with a damping cage which will be swept over by the 
reverse field component of the armature reaction ; the 
polyphase currents generated in the cage will then 
— a magnetic flux tending to neutralize the reverse 

eld. 


III. EFFECT OF STATOR TEETH ON THE FIELD FLUX. 


Tooth ripples due to periodic variation of the air- 
gap reluctance can be reduced by using a small air-gap 
(see Fig. 4), open slots, and a pole span which is a 








Fig. 4. 


multiple of the tooth pitch increased by the width of 
one slot. The period of the variation corresponds to 
the motion of a pole over one tooth pitch, therefore 
the frequency is 2mqw, where q is the number of phases 
of the stator. The variable field flux can thus be 
regarded as consisting of a constant flux and an alter- 
nating component of frequency 2mqw. The resulting 
magnetic field can also be resolved into two opposite 
fields with a constant amplitude equal to half the 
maximum amplitude, and rotating at a velocity 2mqw 
relative to the stator (in the case of a two-pole machine). 
As the stator rotates the resulting field at a velocity w 
the velocities relative to the stator are (2mq + 1)w for 
the direct field, and (2mq — 1)w for the reverse field. 
Voltage harmonics of orders 2mq + 1 and 2mq—1 
are thus created in the stator, with amplitudes pro- 
portional to the field velocities. As their frequencies 
are nearly similar they will create in the total e.m.f. 
beats with a frequency 2mqw and an amplitude which 
is approximately equal to the sum of the component 
amplitudes. The harmonic e.m.f.’s of series-connected 
conductors in a same phase combine in the same way 
as the fundamentals ; the tooth harmonics due to this 
cause retain therefore in the total e.m.f. of the machine 
the same relative importance as in a single conductor, 
irrespective of the type of stator winding used. The 
masses of the magnetic structures, and the damping 
cage, if one is used, tend to oppose these variations 
of flux by the reaction of the induced currents. 
Tooth harmonics are also created by lateral fringes 
of the magnetic lines. If the air-gap reluctance is 
made constant by adopting a pole span which is an 
integral multiple of the pitch of the stator teeth (see 
Fig. 5), then independent of the main flux there will 
be lateral fringes of the lines of force on both sides of 


























the pole, creating in a turn S a varying flux of frequency 
2mqw. The effect is maximum when the conductors 
of a turn are in the pole’s axis, i.e., when the e.m.f. is 
at a maximum, and it is zero in the 90 degree position. 
The corresponding voltage harmonic of frequency 
2mqw can again be resolved into two harmonics of 
constant amplitudes and with frequencies (2mq + 1)w 
and (2mq — 1)w. 
| 





Fig. 6. 


Tooth ripples can be reduced by employing one of 
the following methods : 

(1) chamfering the edges of the pole shoes (Fig. 6-1) ; 

(2) using pole shoes made of two parts which are dis- 
placed by half a tooth pitch (Fig. 6-2) ; 

(3) skewing the armature slots through one-quarter of 
a tooth pitch (Fig. 6-3), the skewed slots being in 
opposite directions in the two laminated units form- 
ing the armature ; 

(4) displacing the poles through one-quarter of a tooth 
pitch, with alternating poles shifted in opposite 
directions relatively to the direction of rotation ; 

(Note : Methods (2), (3) and (4) give opposite phases 

to the tooth harmonics created by two equal portions 

of the stator winding.) 

(5) skewing the edges of the pole shoes so as to cover 
the tooth pitch Y,, either with smooth edges or by 
equivalent steps (Fig. 6-4), this method giving ex- 
cellent results ; 

(6) using special windings with a fractional number of 
slots per pole per phase. 





N 
! 
| 


Fig. 7. 


For instance, in a three-phase four-pole machine (Fig. 
7), with 18 slots in the stator, or 1:5 slots per pole per 
phase, the air-gap reluctance is greatest under a north 
pole, and smallest under a south pole. As the total 
flux of all the north poles must also pass through the 
south poles, the sum of the two reluctances will be the 
decisive factor in determining the flux, and in the 
present case this sum is practically constant. The 
ripples due to the lateral] fringes have opposite phases 
under consecutive poles so that their resultant is zero 
or a very small value. 
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IV. REACTION OF CURRENTS INDUCED IN A DAMPING 
CAGE BY THE STATOR TEETH. 


If the stator of the alternator were perfectly smooth, 
the field flux and the damping cage would be rotate) 
by the rotor at the same constant velocity. The field 
flux would then be stationary relative to the cage and 
would have no :ffect upon it. In actual machines the 
magnetic lines of the field are actually rotated at the 
mean velocity of the rotor ; but because of the discon. 
tinuities in the air-gap due tv the slots, they will oscil. 
late about their middle position with respect to the 
pole and cross the bars of the cage during these oscil. 
lations. Induced e.m.f.’s and currents are thus se 
up in the cage, which then generate a cage flux reaction 
capable of inducing various e.m.f.’s in the stator. 
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Fig. 8. 

Generation of cage e.m.f.’s. The instantaneous 
distribution of magnetic lines in the air-gap can be 
shown in a Lehmann diagram (Fig. 8). If 5, and §, 
are the flux densities in a tooth axis and an air-gap 
axis, respectively, and v, and v, the corresponding 
velocities of displacement, then in spite of the motion 
of the magnetic lines, these magnitudes will have a 
constant value. Thus an equal number of magnetic 
lines will cross a tooth axis and a slot axis per second, 
so that v,.5,=v,.5,, and since 5, > 6,, the mean 
velocity v of the magnetic lines, which is equal to the 
linear peripheral velocity of the rotor, will be between 
the two values : vg < vu < v,. 

If the field’s direction of rotation is regarded as the 
positive direction, the velocity of the magnetic lines 
relative to the stator will be 

Vq—v <0 in front of a tooth, 

v, —v > 0 in front of a slot. 
Thus in each bar of the cage there will be an alternating 
e.m.f., E,, which will cover 2mq complete periods when 
the rotor moves through twice the pole pitch, therefore 
its frequency will be 2mquw. 


600¢c/sec 


ie ran sees 


Fig. 9. 


Fig. 9 shows an oscillograph recording of the induced 
voltage in a rotor bar of a three-phase alternator with 
3 slots per pole per phase, its frequency being 600 c/set. 

Cage flux reaction. The cage flux will be mainly 
determined by the arrangement of the conductors and 
more particularly it will depend on the ratio of the stator 
tooth pitch Y, to the pitch Y, of the cage bars. Ifris 
the number of bars per pole of the cage, it can be assumed 
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4 Fig. 10. 


that the following relation exists: r.Y,=s.Y,, 
sbeing any integer. Fig. 10 corresponds to the special 
cae where s = 3, and r=5. A complete period of 
the induced e.m.f. E, in one bar corresponds to a dis- 
placement of the rotor over a distance Y,. The e.m.f.’s 
induced in the successive bars, numbered in the 
direction of rotation of the rotor, are dephased, and 
lead by an angle 27. Y,/Y, or lag by 27. 2/r where 
z=r—s. 

These e.m.f.’s generally constitute a symmetrical 
polyphase system in which the e.m.f.’s and the currents 
have a phase lag from one phase to the next which is 
not equal to 27/r but to 2z.7/r. By taking the geo- 
metric sum of the corresponding vectors in the order in 
which the rotor bars are numbered, either a simple 
polygon or a star polygon is obtained, with the sides 
succeeding each other either in the clockwise or in the 
anti-clockwise direction (see example, Fig. 10). 

Note on the limits of the air-gap. Considering first 
a constant unlimited air-gap comprised between 
two iron surfaces of very high permeability, it will be 
supposed that along this air-gap there is a continuous 
sheet of current of density j =7,, . sin (7x/a), with a 
space period 2a (Fig. 11). The distribution of the 
magnetic field in the air-gap is equal to the integral of 
the current-distribution, i.e. it is another sine-curve 
dephased by 90 degrees relative to the former, plus 
an integration constant C which is equal to zero when 
the air-gap is unlimited in both directions. 





/ 


Bo ck 


2a 





Fig. 11. 


If the air-gap is limited to the length 2a (twice the 
pole pitch), or to a multiple of this length, then the 
condition of a total flux equal to zero is again satisfied 
for C = 0 ; and the magnetic field will be the same as 
with an unlimited air-gap in both directions. 

To make the calculation easier it will be assumed 
that the air-gap is unlimited and fulfils the plausible 
condition r Y, = b, where r is the number of con- 
ductors per pair of poles, and that symmetrical polyphase 
currenis of a given frequency are flowing through the 
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rotor bars. Rotary magnetic fields are then created 
in the unlimited air-gap, their pole pitch will be de- 
noted by a’= b/2 for the fundamental term, and by 
a’/k = b/2k for the k-th order harmonic. 

The following theory of the rotating magnetic field 
created in a constant air-gap by polyphase windings 
has been developed by Professor Fourmarier of the 
Institut Electrotechnique Montefiore, of Liége. In a 
normal winding of a polyphase machine it is always 
possible to associate to each outgoing bundle of con- 
ductors a returning bundle of the same phase, and 
these will constitute an elementary group of conductors 
through which equal currents are flowing in opposite 
directions. Each of these groups produces a rectangu- 
lar field (see Fig. 12 for the case of a diametrical pitch) 
with a Fourier series which can readily be determined. 
The resultant magnetic field is obtained by adding 
together the effects of the m groups of the same phase, 
and then combining the fields of the g phases. 

















Fig. 12. 


In the present case, it will be assumed that the 
winding is a squirrel-cage winding. If the number r 
of bars per pole-pair is an odd number, it will not be 
possible to find two conductors through which equal 
and opposite currents are flowing. Then the previous 
definition will have to be modified as follows : Assum- 
ing the air-gap is unlimited and that the e.m.f.’s are 
the same after each length 2a’ = b, the homologous 
or equivalent conductors, for instance the conductors 
bearing the number “1” and situated at a distance 
2a’ from each other, will then be taken together. At 
any instant there will be currents 7, flowing through 
them, which are equal and in the same direction, and 
which give the field diagram a, b, c, d,.. . of Fig. 13. 
A step of this diagram has the value 4H = 47 i,/h. 
This contour can be regarded as the sum of three com- 
ponents : (1) the Fourier series of a periodic function 
F,, with a mean ordinate equal to zero: 
































4 i, > 1 
Fy, =— — sin (knx/a’) ; 
1 h al k > 
(2) a linear function passing through the origin: 
Ari; 
H/ = as 
2a’ h 


where x is the abscissa measured along the air-gap 
from the origin ; (3) a constant C, which is arbitrary 
in the present case. 

There are r successive groups of conductors similar 
to the first group which are spaced at distances 2a’/r 
apart, from left to right. The corresponding currents 
of frequency w’ lag by 27z/r ; the expression for the 
first group of conductors is : 7, = J,,. sin w’ t. 

The magnetic field created by any given group of 
the n-th order is represented by 


4n I» Qn 
H, = F,+ x sin | w’ t— (n—1) | i 
2 





, 
A 
where z = r —s, and 


41, 2 1 = 2(n—1) 
= - jin (=- )] > 
h =1Lk a’ 











» 
: 22 sti) 
sin | w’ t — ————— |. 
r Pa 
Thus the total resultant field is 
r r 4n Im 
i =~ > i= Sa + X- 
n=1 n=1 2a’ h 


r Qn ¥ 
> sin | oe t—@—l).z— | + 3 C,. 
n=1 r n=1 
The second term of this expression is zero, as it is the 
sum of sines of angles varying as an arithmetic series, 
so that r times the basic constant of this series is an 
integral multiple of 27. 

The third term is also zero, because, as this is a 
conservative flux, the expressions for a machine with 

2pa’ 


2p poles will be : | H, Ldx = 0, 


oO 


2pa’ 2pa’ 
or | a F,,dx +| > C,dx = 0. 
as n=1 4 n=] 


The first term of this equation is already zero, as 
it represents a periodic function of period 2a’ with a 
mean ordinate equal to zero. Therefore the second 


‘ 
term is also zero: 5 C,=0. Thus the expression 
n=1 


for the resulting field reduces to : 


f 4I,, x 2(n—l) 
H, = a —< sin k | — — —] ; 
n=1 kh a’ r P 
j | al 
- sin | w’ t— ———— |. 
r 


By adding the terms of the same order k, the various 
harmonics of the magnetic field can be obtained. The 
general term is, after using a well-known trigonometric 
relation : 

J Zi, ( 


7X 2n 
H= > “a a [ era “ ——(—!) 0] 
r 


n=1 
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, 


a r 


1X 2 
— cos [er t+k——— one |} 


This expression consists of two sums of r cosine 
terms. The angles of these terms vary as arithmetic 
i : : a—k 
series whose basic constants are respectively 27 . —~ 
r 
z+k 
and 27. » and such that r times these con- 
r 


stants is a multiple of 27. Thus these two sums will 
generally be equal to zero, except when these constants 
are themselves multiples of 27. In this latter case, 
the r terms of the sum are equal. The results thus 
obtained show that the harmonic H;, will exist in one 
of the three following cases : 





(1) (e—k)/r alone is an integer, then 


27... xs 
Hy = -r.cos | w’ t—knr =| 
hk a 


This is a field of constant amplitude which rotates 
in the positive direction, i.e. towards the right, at a 
linear uniform velocity: v = a’w’/ka = 2a’f'/k = 
bf’/k, and its pole pitch is a’/k = b/2k. 





(2) (2 + k)/r alone is an integer : then, 


2) (i a 
H, = — —.r.cos | w’ t+ ka =| 
kh f 


a 

The two previous results exist simultaneously. There 
are thus two equal magnetic fields rotating at equal and 
opposite velocities. Their combination gives a station- 
ary alternating field, with a frequency 2mqw’, and an 
amplitude which is twice the amplitude of one of the 








components. The following table gives the results of 
this analysis for certain values of r and s. 
TABLE II. 
k= it2 3 4 5 ¢ Tf os 
s =1 — + 6 = + oO — Foe 
2 + —o+—-o0o +=— 60 
r = 3 3 oo’ ¢@ + 8. © + 0 Be 
: 4 — - 6 — - 6 — +3 
s= 1 —- o0o + 0 —-—o+0-=— 
2 * ££ @¢©28 @ &£ es 8 8 
r=4 3 1g) =e iG a Se = ee 
4 oe © © +: & ©@ 0 = 2 
5 —- ¢+ 0 — 6 + 6 @= 
s =1 —- 0 o + 0- 0 0 
( 2 = -— «© 6. oc = 2 
= 5 3 o + — 0 © oo + = 2 
4 +eoeoe =~ @+ 680° 
{ 5 °* ¢ 8s @6@ &¢ © G8 6 
6 —- 0 0+ 08— 0 0 Ff 
SYMBOLS. 
+ =: field rotating in the same direction as the rotor ; 
— = field rotating in the opposite direction 
o = field equal to zero. 


In the particular case under consideration, these 
magnetic fields only exist in the space 2a’ = 6 of the 
pole span ; they are generated by the cage, and the 
velocities calculated above are relative velocities with 
respect to the rotor. They will be characterised by 
the symbol v,,, so that : 


Ure = + 2af.s/k.. xs a vo 1 


In the following paragraphs the subscript r refers 
to the rotor, s to the stator, and k to the k-th order 
harmonic. 


(To be continued) 
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SWITZERLAND 





Transverse Vibrations of Bars and Fatigue Fractures 


By P. MATTHIEU. 


(From Schweizer Archiv, Vol. 12, Nos. 11/12, November/December, 1946, pp. 329-338 and 


361-372, 23 illustrations.) 


For some time past, certain unexplained fatigue 
fractures have been observed on propeller and steam 
turbine blades and on rack bars of water power plant. 
These fractures have been caused by periodic forces 
acting On, but not in resonance with the natural fre- 
quencies of, the blades and have often occurred in 
unexpected places, e.g. near the outer end of blades 
(see Figs. 1 and 2). Tests showed that by periodic 
movement of the point fixture, a bar fixed at one end 
(Fig. 3) can be made to vibrate in such a manner that 
fatigue fracture occurs at any arbitrarily chosen point of 
its length. The problem is therefore one of stresses 
caused by periodic transverse forces acting on a bar and 
of the strength of materials resisting these forces. Stress 
analysis of static loads requires determination of bar 
deflections and of resistance against static stresses. 
Analysis of dynamic stresses similarly requires calcula- 
tion of the wave forms of vibrations and consideration 
ofthe dynamic properties of the resisting material. The 
problem is very complex and this investigation has there- 
fore been restricted to bars fixed atone end. No general 
glution is attempted, only single cases of practical 
importance are being treated. 





Fig. 1. Experimental fracture of a propeller blade. The 
majority of blade fractures occurs in this way. 





Fig. 2. Start of an experimental fatigue fracture of a steam 
turbine blade. 











fy Yj 





Fig. 3. Prismatic bar fixed at one end and made to vibrate 
by harmonic motion of the point of fixture. 
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First CASE : 


PRISMATIC BAR FIXED AT ONE _ END. 
HARMONIC MOTION OF POINT OF 
FIXTURE. 


A cylindrical bar, fixed at one end, free at the other, 
is forcibly oscillated by harmonic translation and 
harmonic rotation of the point of fixture, the periodic 
motions being of equal frequency but not in resonance 
with any natural harmonic frequency of the bar. If the 
origin of co-ordinates is placed at the free end (Fig. 3), 
these oscillations are represented by the boundary 
conditions (for the bar vibrations) : 











ay 
Yeo = asin wt and = bsinwt .. (1) 
Xe=t 
oy ay 
or = ¢ sin wt and =dsinwt .. (2) 
C6 cunt Ot? 5 ant 


Equation (2) expresses that moments and shear forces 
at the fixed end are harmonic functions of time. The 
movement of the bar, y = f(x, 1) must satisfy the 
differential equation of an oscillating bar 





ay EF oty 
Saves Se ami sere 1G (3) 
or? pq ox* 
where E = modulus of elasticity, 7 = moment of 
inertia of cross-section, g = cross-sectional area, 








p = density of bar material. For the free end, the 
moment and shear forces are zero : 
oy ay ‘ 
= is = @. ae 
Ct ant O26" 5 te 


The initial position and velocity of the bar must be 
fixed in accordance with eq. (1) and (4) so that 


= f,(x) -» 6) 





Ye=o0 = A(x) 
tt=0 
Finally, f,(x) and f,(x) must satisfy the boundary 
conditions for both bar ends : 

AO = f'O = f'® = fi’ = 9, 

f(D = aw, f,'(l) = 6, fr’(0) = f2’"(0) = 0 (6) 
With equations (1), (3), (4) and (5) the bar motion is 
uniquely determined and can be written: 

yY = f(xst) = yiCest) + volt) -- (7) 
where y, is a harmonic vibration : 

Y, = 9(X) sin wt Se Pet 
with g(x) a function of x only and w = const. as in 
equation (1). jy, must satisfy boundary conditions 
equations (1), (4) and (3) ; yy, equation (3), (4) and, 
instead of equation (1), the simpler boundary conditions 


oy 
=0.. .. (9) 





Ye=1 = 0, 
OXe =. 


and finally, the starting conditions : 





Y=0 = A), = f(x) — w(x) (10) 
tr =o 
Thus y, + ye as in equation (5). y, and y, can now 
now be chosen in one way only if they are to satisfy all 
these conditions ; their sum y, + y, then satisfies 
equations (1), (3), (4), (5) and represents the unique 
solution, equation (7), of our problem. Physically 
speaking, only one solution of y, and y, is possible 
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because boundary conditions are such that y, represents 
the (uniquely determined) forced vibration effected by 
the motion of the point of fixture whereas y, is the 
(uniquely determined) natural harmonic vibration which 
corresponds to the chosen boundary conditions. Small 
damping resistances (air friction) have little influence on 
Vz» but yy, will be damped out very quickly ; therefore, 
for practical ee y, only need be considered. 

Mathematically, the unique determination, and also 
the form, of , are given by the following calculation : 
Equation (8) and (3) result in 

EF d* 9x) 


w(x) = —— x 





(11) 
According to Rayleigh* 


pga? 
m=l4 7 as se RB) 
E 


we can write the general integral of equation (11) in the 
form 


mx mx 
(x) = c,| cos —— + cosh ~~ | a 


1 
mx mx 
+ c.| cos — cosh =| + 
/ ( 
mx mx 
+ Gy sin — + sinh ~~ | + 
/ 


mx mx 
+ | 29 — sion] st ve (43) 


The integration constants are determined by conditions 
equation (1) (for C,, Cs) and equation (4) (for C,, C,): 
a(cos m + cosh m) — bl/m (sin m + sinh m) ) 











1 


C.=@ 


2(1 + cos m cosh m) 


>(14) 
a(sin m— sinh m) + 61/m(cosm + cosh m) 





2(1 + cos m cosh m) 
C, = 0 J 
Thus (x) and y, in equation (8) are uniquely deter- 
mined and we can write 


mx mx 
g(x) = C, [eo = 3 + cosh =| + 





mx 





mx 
+ C, sia +e + sinh (15) 
lst Statement. The wave form of the bar vibration 
is given by equation (15). The constants m, C, and C, 
which depend on the physical data of the problem, are 
determined by equations (12) and (14)** 

By simplifying substitutions (Table I), we can 
obtain ¢(x) as the sum of a trigonometric and a hyper- 
bolic expression, as shown in the bottom equations of 
Table I. According to boundary condition equation 
(4), the corresponding trigonometric and hyperbolic 
curves must be tangential to each other at the point 
x= 0. 

2nd Statement. The wave form of a bar vibration 
can always be given by superposition of a trigonometric 
and a hyperbolic curve (see equation for (x) in Table I), 
these curves being tangential to each other at the free 
end (x = 0) and having arguments which differ by an 
additive constant only (xy and Y). Inversely, the 
superposition of any two such curves always represents 
a possible form of vibration waves in the interval 
0 <x <1 (see Fig. 6). 

*RAYLEIGH, Theor; of Sound, Chap. 8, para. 163. 

“2 About forced vibrations of bars, Ann. d. Phys., 
ol. ° 
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The stresses in the bar are determined by »”(x), 
If 2(x) is the maximum stress in a cross section of 
height h at point x, then we can write for symmetrical 
cross sections : 


hE 
mee ee: (16) 

As 2(x) is a purely alternating stress (see equat'on (8)), 
one need only investigate whether the material of the bar 
can carry these maximum stress cycles indefinitely or 
after how many cycles the material would fail. 

3rd Statement. Equation (16) gives a measure of 
the maximum stress in the bar. For a given point along 
the bar axis, the safety factor can be determined by a 
comparison of 2(x) with the fatigue strength of the 
material. Ifthe material is overstressed (it can always be 
overstressed experimentally by increasing the amplitude 
of vibration), the bar will fracture at the point of maxi- 
mum amplitude of Z(x). Except for a constant multi- 
plication factor, (x) is equal to the difference of the two 
curves mentioned in the 2nd statement (see Fig. 6). 

From equations (15) and (16), we obtain 


h Em? mx mx 
2x) = C,| — cos —— + cosh =| ah 
2/? 1 1 


mx mx 
+ C,;| — sin —s + sinh peas ] (17) 


C, and C;, and therefore 2(x), become infinitely large 
if (from equation (14)) 

cos m x coshm = —1 .. (18) 
Equation (18) determines the natural harmonics of a 
bar fixed at one endt. Resonance of the forced vibration 
frequency with one of the harmonics leads to theore- 
tically infinite amplitudes. The roots of equation (18) 
are 





m = 1°875, 4°694, 7°855, 10°996,.... 

and converge, for growing m, towards odd multiples of 
m/2. Forced vibrations have finite amplitudes if their 
values m lie in the interval between resonance values, 
and their smallest amplitudes are obtained if m values 
are even multiples approximately of 7/2. Fig. 4 
shows the resonance case, but with finite amplitudes 
(amplitudes are theoretically infinite !), the full-line 
curves essentially indicating the stress waves (x). 
Fig. 5 gives forced vibration waves with frequencies 
lying between the two resonance frequencies of Fig. 4. 
The curve form now depends on the physical data > 
and a// (equation (1) and Fig. 5), which characterize the 
forced oscillation of the point of fixture moving with a 
frequency corresponding to m (from equation (12)). 
For m = 8:35, the maximum stress (full-line curve) 
occurs at the point of fixture and the bar would break 
there if overstressed. For other values of m, failure 
would occur near the free end, i.e. small pieces only of 
the bar would break off. If a and b are changed in 
equal proportions, the curve form remains unchanged, 
therefore any form of vibration waves may attain 
amplitudes that would overstress the bar. ay: 

For large values of m, a good approximation 1s 
obtained by putting 

e™ 
cosh m=s'nh m = —and 2(1 + cos m cosh m)=e™ cos m. 
e 


If these values are inserted in equation (14), equation 
(15) changes to 


am — bl ms mx 7 
x(x) = ——— | vee (= ie “) = 


2m cos m 4 

-" om am + bl 
+e +e (sia m + con m (19) 
am — bl 





+ RAYLEIGH, Theory of Sound, Chap. 8, para. 173. 
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Fig. 4. Third and fourth harmonics of bar fixed at one end. 








which gives g(x) as the sum of a cos-function and two 
rapidly damped exponential functions and which can 
easily be evaluated numerically if a, b, and m are known. 
This form avoids numerical inaccuracies, due to sub- 
traction of two similarly large figures, in the evaluation 
of equation (15). Equations (16) and (19) lead to a 
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Fig. 5. Forced vibrations of bar fixed at one end. Frequen- 


cies are between third and fourth harmonics. 


corresponding expression for 2(x). The curves (Figs. 
4 and 5) have been calculated in this manner. Further 
theory of the problem is determined by the following 
statements : 

4th Statement. If S is any arbitrary point cf the bar, 
then an infinite number of forced harmonic motions (of 















































TABLE I, INTEGRATION CONSTANTS AND WAVE FORM EQUATIONS OBTAINED BY SUBSTITUTIONS 
IN EQUATIONS (14) AND (15). 
If /C3/>/C,/ /C,/>/C;/ 
and C;>0 Cc, <0 Cc, >0 Cc, <0 
then substitute 
— = = i i a sin sin 
V6#+C2 sin x sin x VG#iG = x x 
ee cos — cos — cos 
J C,?+C;3 as cos x x J C2+C;? x x 
a ee : ° C, — 
Pe. C—Ce = — sinh ¥ sinh Y VG2—C, cosh ¥ — cosh ¥ 
__G; —_— | —— CG; _ P P 
VGi—G; 23 cosh ¥ | — cosh ¥ VGi—Ce — sinh VY sinh V 
and obtain ey ——S m x 
VC? + C,? sin ( i - x) VC? + C,* sin ( 7 - x) 
9 (x) = —_ 9 (x) = _ om x 
+ VCj?—C;? sinh ("7 -¥) \+VC,? — C,* cosh ( 7 -¥) 
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Fig. 6. Any function ¥ (x) can be represented as the difference 

of a hyperbolic and a trigonometric curve, the two curves 

being tangential to each other for x = 0. The sum of the two 

curves, multiplied by a certain constant, gives the wave 
form 9 (x). 


the point of fixture) can be found for which 2(x) 
disappears at point S, so that the bar, even if over- 
stressed, certainly does not break at point S. 

5th Statement. If S is any arbitrary point of the 


bar except its free end, then aa infinite number of 


forced harmonic motions can be found which would 
cause the bar to break exactly at point S. 

6th Statement. The greatest value of all max. 
amplitudes 2(x)max lies either nearest to the free or 
nearest to the fixed end of the bar. 

7th Statement. The point of greatest value 2(x)max, 
i.e. the point at which the bar would fracture if over- 
stressed, is either the point of the greatest of all maxi- 
mum amplitudes 2(x)max, or is the point of fixture. 

8th Statement. With growing w, the maximum 
amplitude 2(x) nearest to the free end of the bar 
converges rapidly towards the free end itself, that 
nearest to the fixed end converges rapidly towards the 
point of fixture. From equations (12) and (17), it also 
follows that 2(x)max increases rapidly with increasing 
w. Therefore, in practical cases, the bar will mostly 
fracture either near the free or near the fixed end or 
finally at the point of fixture. 

9th Statement. For a = 0 or b = 0, i.e. for pure 
translational or pure rotational motion of the point of 
fixture, there still exists an infinite number of forced 
harmonic oscillations (according to the choice of w) for 
which 2(x) disappears at any arbitrary point S, 

10th Statement. For a=O or b=0, there exists an 


infinite number of frequencies for which the amplitude 
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Fig. 7. The first six harmonics of a bar fixed at one end. 
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Fixed end 
: 


of 2(x) is a maximum at any arbitrary point S of the bar, 
except at its free end. Moreover, one and only one 
mode of motion exists for which the maximum nearest 


to the free end coincides with point S. In this case, 
however, the bar would fracture at S only if the 
amplitude of 2(x)max nearest to the fixed end or at the 
point of fixture is smaller than the amplitude at S (see 
statements 6 and 7). 

The mathematical proof of these statements follows 
mainly from a comparison of the values of the hyperbolic 
and trigonometric component curves of 9(x) and (x) 
for different frequencies. 

In the important case of resonance with any natural 
harmonic of the bar, the amplitudes of ¢(x) and 2(x) are 
theoretically infinite, the vibration wave takes a charac- 
teristic form and may be expressed as in equation (15), 
C, and C, are then determined not by equations (1) 
and (14), but by equations (9) and (14). This is only 
possible if m satisfies equation (18) and has the values 
as given in Fig. 7. Substituting these conditions, we 
obtain for the mth natural vibration wave : 


~.(x) = D, ( sin m, -+ sinh ms) 


. m,X mM, 
( cos —— + cosh ——]}— 
1 l 


, m,X m,X 
_ (co m, + cosh ms) (sin ; + sinh ~~) (20) 
l 


or corresponding to equation (19), tor better numerical 
evaluation : 





- mx 7 
p(x) D,= | v2 cos (“= deal Bh 
/ 4 / 


my, x mn x 
aks “;-* P 
+e +e oon C28) 


the last member being positive for odd n, negative for 
even n. D,, is a constant multiplication factor. The 
stress waves can be calculated as in equation (16) : 


hE 
2 (x) = —— on/(x) «s ee (22) 
2 


If ¢,(x) is written in the form of equation (13), the 
integration constants can be determined by : 

PnD) = Gn'(l) = Gn'(O) = Gn'(O) = 0 
whilst the inverse boundary conditions are valid for 
ai(%)t 

2,(0) = Z,'(0) = 0, 2’) = hE (m/D* 9), 
on (DD = hE (m/™ oD 

This leads to the 

11th Statement. For odd n, the curves ¢,(x) and 

(1/m)* pn(x) = 1/hE (1/m)? ©, (x) 

are symmetrical to each other in relation to the centre 
point of the bar. When 7 is even, they are symmetrical 
in relation to a vertical through the centre point. 

Fig. 4 shows this symmetry for the third and fourth 
harmonics. Statement 11 enables us to deduce the 
stress directly from the wave form of the vibration. In 
free harmonic vibrations, the largest amplitude of 
vibration occurs at the free bar end, it therefore follows 
that the corresponding stress wave has its largest 
amplitude at the fixed end. 

12th Statement. If a bar vibrates with a natural or 
nearly natural frequency, then any overstress will lead 
to fracture at the fixed end only. (However, see state- 
ment 14 !). 

This simple and definite solution of the most 
important practical case, may explain why other cases 
have not yet been investigated systematically. 
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SECOND CASE : 
NON-HARMONIC PERIODIC MOTION OF 
POINT OF FIXTURE. 

A general periodic motion can be developed into a 
Fourier series as a function of time and every term of the 
series calculated separately according to the considera- 
tions of the first case. The oscillation 


y = 2 -,*(x) sin n wt + —,**(x) cosn wt (23) 


has the component “ Fourier” wave forms ¢,*(x) and 
on**(x) corresponding to equation (15) and mz-values 
(equation (12)) 


2 oy 
m,* = me = 1 i od 
EF 


Inversely, any sum taking the form of equation (23) 
represents a possible vibration caused by periodic motion 
of the point of fixture. Stress calculations are rather 
complicated and best solved by introducing a simpler 
“ comparable dynamic stress,” just as in statics, complex 
stress conditions can be reduced to pure tension by the 
introduction of a “‘ comparable stress.” For a vibration, 
equation (23), for which 2(x)max is a periodic function 
of time, we can find the maximum and minimum stresses 
occurring at a point S within a certain period and then 
calculate, using fatigue strength graphs by Haigh and 
§mith*, how many cycles of change between minimum 
and maximum stresses a material will stand. We thus 
compare our periodic stress with a normal alternating 
stress of equal frequency, and this ‘‘ comparable dyna- 
mic stress ”? will give satisfactory practical results at least 
for simple cases. 

If, however, the oscillations can be represented by a 
superposition of natural harmonics 


y = 2 9,(x) sin (wzt — 8,) 





(24) 


(25) 





~ *HrTE, 27th Ed., Vol. 1, p. 746. 


By E. V. FLANDERS. 


GRINDING Wheels have been formed by the crushing 
toll method for many years, but diamond dressing has 
been the method most relied upon for obtaining 
accurately finished production until recently. Probably 
this was because form grinding was a method of 
producing satisfactory finish, and it was limited to 
this because high grinding speeds and small removals 
of metal satisfied the conditions required. Improvements 
in machine design, however, began to anticipate that 
finish form-grinding need not be limited to the produc- 
tion of tools and gauges, and that the demands of the 
aircraft industry for the rapid production of accurately 
dimensioned screw threads, and other parts, could also 
be satisfied by improved grinding technique. This 
possibility made it necessary to contemplate the best 
facilities by which grinding wheels could be dressed. 
New form grinding machines, more rigidly con- 
structed and provided with sufficient motive power 
were made for the use of grinding wheels of larger 
diameters, and the object was to finish form grinding 
on work pieces without previously shaping them as 
much as possible. At first this required low work 
speeds and high rates of metal removal, but new types 
of grinding wheels were also developed which allowed 
for work speeds up to 12,000 ft./min. which, although 
very high, were possible due to their large diameters 
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where the ¢,(x) are the component harmonics of form 
equation (20) and w,, 5,, D, are constants of fixed value, 
then a “‘ comparable dynamic stress,” referred to a period 
22/w», can be introduced : 


hE 
2(x) = “<_— =| pn'(x) | (26) 


We thus assume that stresses caused by the vibration 
equation (25) are equal to those caused by a hypothetical 
vibration 


y=[[[2le@ [ae ]sineoye .. 27 


A good approximation to actual stress values is then 
found if w, is assumed to be either the basic frequency 
w, of the harmonics of equation (25) or, in case this 
basic harmonic is very weak, the next higher harmonic 
frequency. 

Further analysis depends on the special form of the 
Fourier series of equation (23). Generally speaking, if 
any frequency nw of the periodic oscillation of the point 
of fixture coincides with a harmonic of the bar, then 
resonance occurs and the bar breaks at the fixed end. 
If no resonance occurs, there is a likelihood that some 
oscillations of the sum equation (23) will produce only 
small stresses near the fixed end, whilst near the free 
end, all component stress waves have maximum values. 
There, the “‘ comparable stress”? would probably be 
very high. 

13th Statement. A general periodic motion of the 
point of fixture may again cause the bar to break at any 
chosen cross-section. In practice, it will probably 
fracture either near the free end or at the point of fixture. 


(To be continued.) 
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Comparison of Crush Dressing and Diamond Dressing— 
as Applied to Thread Grinding 


(From Mechanical Engineering, Vol. 69, No. 2, February, 1947, pp. 123-127.) 


allowing for reasonable angular speeds. The benefits 
of these improvements could only be realised if wheel 
dressing also became a rapidly applied and quick 
process, and it was logical therefore to incorporate 
dressing equipment onto machines for automatic or 
other ready use. 

Heat treated alloy steel and parts of other materials 
can now be formed by grinding to remove large amounts 
of metal and in that way well-finished parts can be 
quickly produced. Often only one or two passes of the 
wheel is sufficient for each part. Therefore, a modern 
grinding wheel can be regarded as an inexpensive stock 
remover which can either wear rapidly or, if of an 
improved type, as a more durable form tool for rapidly 
producing accuracy and good finish. These production 
results must be maintained however by re-dressing the 
wheel, and in modern thread grinding machines the 
incorporation of means for this has greatly improved on 
previous standards of accuracy and rates of production. 

Diamond dressed resinoid wheels used with a 
grinding oil will produce large numbers of well-formed 
screw threads, and this is greatly assisted by the use of 
multi-form diamond dressing devices developed by the 
Jones and Lamson Machine Company which is used 
for thread cutting, and other forms, difficult to produce 
by other means. This device is used to produce 
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single-ribbed as well as multi-ribbed wheels, and 
this facility can be useful in different ways. In 
a simple form for thread grinding multiple ribs enable 
grinding to take place by the plunge method, i.e. feeding 
in to the full depth of the thread and then rotating the 
work one turn, or more. In this way production has 
been greatly speeded up. In another case of multi- 
forming the wheel can progressively rough-grind, 
semi-finish, and finish, as it passes across the work. 

The threads ground by multiformed wheels are very 
satisfactory and for resinoid wheels grinding speeds 
have been standardized at 23 to 3 ft./min. Considerable 
power is necessary, however, to drive multi-ribbed 
wheels of widths up to 2 in., and a 20 h.p. d.c. motor 
of the variable speed type is not unusual. 

Before the war a single-ribbed diamond dressed 
resinoid wheel could obtain better production than a 
crush-dressed multi-ribbed vitrified wheel, but im- 
provements have brought crush dressing more into use 
and superior results are obtained. 

For a series of tests the Jones and Lamson Company 
controlled the wheel spindle at a suitably low speed and 
mounted the crushing roll in anti-friction bearings so 
that it could freely rotate when in engagement with the 
wheel driven at that speed. A hydraulic variable 
pressure device permitted automatic alteration of in- 
feed according to the load and this was useful because 
the first two-thirds of the depth .of screw threads is 
more rapidly possible than the last third. 

Using a 220 grit wheel of K, L, or M hardness the 
form of the crusher roll, of high speed steel, was not 
seriously affected when contact pressure between the 
wheel and the roll was maintained. The best pressure 
range was 100 to 150 lbs., which is about 400 to 
600 lbs./sq. in. on a wheel 1 in. wide. With greater 
pressure crushing would be more rapid but less accurate 
and with less pressure crushing would be slower and 
wear on the roll would increase. 

The tests were based on a 12-pitch thread form and 
crushing roll wear was much more when redressing a 
wheel than when it was initially dressed. Also the time 
during crush-dressing is critical. If too short, complete 
crushing is not obtained, and accuracy is affected, and 
if too long, even for a few seconds, the crusher roll is 
subject to undue wear. Under well controlled con- 
ditions, however, a wheel can be crushed 50 to 75 times 
without serious wear results. 

The purpose of the tests was to compare the thread- 
grinding ability of crush dressed vitrified wheels with 
that of diamond dressed resinoid wheels. The work 
material was S.A.E. steel 1040, about 14 in. diameter, 
cut into lengths of 4 in. and heat-treated to a hardness 
of C-28 to C-30 to allow for thread-grinding at each end. 

One machine with a diamond dressing device and a 
15 h.p. motor, to drive the 20 in. diameter wheel, and 
another machine with a crush-dressing device and a 
74 h.p. motor, to drive a wheel also 20 in. diameter, 
were set-up side by side. 240 pieces and 155 pieces 
could be ground at work-speeds of 0-5 ft./min., and 
1-0 ft./min. respectively by a crush dressed wheel between 
dressings and before the overload stopped the motor. 

The work pieces were reduced to 1 in. diameter 
and runs were made at speeds of 1-0 ft./min. with 
crush-dressed wheels, and at 23 ft./min. with diamond 
dressed wheels. The results from these runs are 
described hereafter. 

Work-speeds for diamond dressed wheels were 
higher, and when the work speeds for both types of 
dressed wheels were increased the number of threads 
ground per rib was reduced, but the input horse-power 
necessary increased for crush-dressed wheels and was 
never as low as the 74 h.p. initially provided, and 
increased for diamond-dressed wheels until 5-7 ft./min. 
was reached, after which a greater number of threads 
were ground, whilst the input horse-power increased 
from less and was never more than the initial horse- 
power provided. 
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The various tests yielded the following results :— 


1. For a multi-ribbed grinding wheel a diamond. 
dressing device is easier to set-up because there js 


only one diamond and one former, and re-setting 
diamond tools does not unduly disturb the whol 
dressing equipment. 

2. Diamond-dressing gives a greater average of 
accuracy in thread grinding. Wear of the diamond js 
small, and inaccuracies are therefore not very 
appreciable. : 

3. A diamond-dressed resinoid wheel is claimed 
to produce a better finish than a crush-dressed vitrified 
wheel due to the burnishing action of the resinoid type 
of wheel. 

4, Diamond-dressing allows for the grinding of 
finer threads than can be ground by crush-dressed 
wheels. Threads probably finer than 40 per inch are 
possible whereas it is doubtful whether a crush-dressed 
wheel will grind more than, say, 20 threads per in. as a 
production possibility. 

5. Diamond-dressing is more applicatle to auto- 
matic grinding machine operation because the crush 





method is a little complicated and necessary controls 
for automatic applications make it less practicable. 

6. Variation in accuracy due to repeated dressing; 
is less with diamond dressing. 

An average diamond-dressing tool should produce 
100 to 150 wheel dressings before requiring to be 
relapped, and at least three or four relappings should 
be possible although this is not always realisable in 
practice. 

If diamond tool users cannot maintain their durable 
quality, the obvious alternative is to employ crush- 
dressing. A diamond tool costs $18 to $20, but a 
master crushing roll 4 in. diameter and 2} in. long 
should be less than $100 and could be used for dressing 
wheels which will grind crush-rolls for normal grinding 
wheel dressings. Using one master roll a large number 
of normal dressing rolls can be made, and the cost of 
each would be comparatively small. 

The advantages of crush-dressing are :— 

1. Crush-dressing allows for the grinding of small 
flank angles, impossible for diamond-dressed wheels 
for which the multi-ribbed device requires a flank angle 
not less than 224 degs. 

wheel can be crush-dressed much more 
quickly than it can be diamond-dressed. 

3. There is less tendency to discolour the work by 
a crush-dressed wheel as by a diamond-dressed wheel. 
It is largely due to carbonisation of the grinding fluid. 





Crush-dressing of full-ribbed wheels is easily 
possible whereas a robust diamond tool for mult- 
ribbing can dress every other rib only of a resinoid 
wheel. Therefore the work need not rotate so rapidly 
for a crush-dressed wheel to produce a finished thread 
in the same time as necessary if a diamond-dressed 
wheel was used. 

In summing up, it can be said that the answer to 
the question : whether the grinding-machine industry 
had been right in giving so much attention to diamond- 
dressing devices can be definitely answered in the 
affirmative. No form of crush dressing will give the 
accuracy and the finish that can be obtained by diamond- 
dressing. 








Whether the crush-dressed vitrified wheel can replac: 
the diamond-dressed resinoid wheel as the most efficient 
type for maximum stock removal cannot be answert¢ 
generally ; certain characteristics make it advantageous 
to use the vitrified wheel on multiribbed work wher 
the specifications are class III. or less accurate. The 
high speeds now obtainable with a vitrified crush: 
dressed wheel puts it in competition with the resino! 
type. The diamond-dressed resinoid wheel, however, 
is still able to grind at a higher work speed than could 
so far, be obtained with the vitrified crush-dressed type! 
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By P. C. VAN DER WILLIGEN. 





Penetration and Welding Speed in Contact Arc-Welding 


(From Philips Technical Review, Vol. 8, No. 10, October, 1946, pp. 304-308, 


7 illustrations.) 


ConTacT arc welding is a new method of welding in 
which the electrodes can be kept resting on the work- 
piece from beginning to end, while the coating of the 
electrode is in continuous electrical contact with the 
work. The method itself has been described in a 
previous article,* here several important advantages will 
be dealt with, both in welding technique and economy, 
which are obtained with the new type of electrode. 


SHAPE OF PENETRATION. 


By penetration is meant that part of the work which 
is fused during welding. When a bead is welded ona 
flat plate the penetration resembles a circle segment as 
shown in Fig. la for an ordinary coated electrode. With 
heavy contact electrodes, however, it was found that 
the penetration was deeper in the middle and shallower 
at the sides, see Fig. 1b. 

The explanation of this particular shape of the 
penetration is that the arc burns only on the core wire ; 
since in contact electrodes the core wire has only a 
relatively small surface, the arc is more concentrated 
than in the case of ordinary electrodes where the core 
wire has a relatively large surface. 

The spraying action of the welding arc, which is 
the result of the forces acting on the molten droplets 
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Fig. 1. The shape of the penetration, 


(a) in the case of an ordinary electrode and (6) in that of a contact 
electrode. The penetration is represented by the heavily shaded 
Parts of the figure (for the sake of simplicity the bead is not drawn). 
tis also shown diagrammatically that the arc is more concentrated 
with contact electrodes than with ordinary ones, resulting in 
different shapes of the penetration. 








* Philips Technical Review, 8, 161, 1946. 
The Welding Fournal, 25, 313-5, 1946. 
The Engineers’ Digest, Vol. 7, No. 12, 1946, pp. 397-398. 
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and which makes overhead welding possible, will 
therefore, in the case of contact electrodes, also be more 
concentrated at the centre. Moreover, the longer cup 
of the contact electrode keeps the droplet better directed, 
resulting in less spatter. The great depth of penetration 
in the middle is undoubtedly due to the arc volt< ges of 
the thicker contact electrode being appreciably higher 
than those of the corresponding ordinary coated elec- 
trodes, containing the same amount of metal. It isa 
known fact that electrodes having a high arc voltage 
give a deep penetration. 

The peculiar form of the penetration with contact 
electrodes is in very many cases of the greatest import- 
ance. The deep penetration in the middle makes it 
possible with V-welds (and of course with fillet welds 
made in the flat position) to apply a first layer directly 
with a heavy contact electrode, instead of with an 
electrode of small diameter. The result is fewer layers 
and saving of time, as well as other advantages (cf. below 
on the subject of distortion). 


V 
50}- 
40}\- 
30}- 


20 
10}- 


300 300 


Fig. 2. Reiation between arc voltage and current for Contact 
Electrode 15-5, i.e. type 15 with core wire of 5 mm. dia, 
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The arc voltage is closely dependent on the current 
used, see Fig. 2, in which the penetration is also found 
to depend very much on the current. 

The relation between current and root penetration 
for a fillet weld in the flat position and an open V-weld 
with backing strip can be seen from Figs. 3-5. From 
this and similar investigations it can be concluded 
that the shape of the penetration as found with heavier 
contact electrodes offers important technical advantages 
compared with that obtained with ordinary coated 
electrodes. 


WELDING SPEED. 


The arc voltage of contact electrodes, as well as the 
heat efficiency, i.e., the ratio of heat expended in the 
fusing of the metal to the total amount of heat supplied, 
is higher than that of the corresponding ordinary 
electrodes. This is due to the deep cup enveloping a. 
larger part of the arc than is the case with ordinary 
electrodes used with the free arc. The heat in the arc 
is thus used to greater advantage and the welding speed, 
i.e., the amount of metal deposited per second can be 
increased. This is shown in Table I, where comparative 
figures are five for a contact and an ordinary electrode. 
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(a) 





Fig. 3. (a) Im these cross-sections of fillet welds made in the 

flat position it is clearly seen that the depth of the penetration 

depends upon the current: the currents in the cases shown 

as 1, 2 and 3 amounted, respectively, to 375, 300 and 440 
amp. ; the unit of the scale corresponds to 1 cm. 


(6) The strength of the weld is to a large extent determined by the 
so-called root penetration, which is defined as the distance OB. 
The root penetration is considered positive in the direction of the 
arrow. A negative root penetration means that a channel remains 








open in the corner under the bead. 
TABLE 1. 
’ Contact Ph. 55-7 
Electrode | 15-5 
Current in amp. .. + 375 375 
Arc voltage on ve 42 30 
Milligrams iron per sec. .. 1700 1150 
Milligr. iron per amp. sec. 4:5 3-1 





In addition to this greater speed of Contact 15 
compared with an ordinary coated Ph. 55 of the same 
weight, there is also the possibility of using a heavier 
contact 15 in many cases where a lighter type of an 
ordinary coated electrode would be required. This also 
means greater welding speed, since with a heavier 
electrode more iron is deposited per second. Therefore 
in such cases this gain in speed must be added to that 
mentioned before. 


Several further particulars. 


In welding with contact electrodes there is little 
distortion. This fact is very closely connected with 
the high welding speed and the favourable shape of the 
penetration of these electrodes as it is known that 
distortion increases as the welding speed decreases and 
also increases with the number of layers in the weld. 

In many cases the highest permissible current is 
determined by the fact that when using up the last 
piece of the electrode the top end becomes red hot and 
this is apt to cause the rod to bend. Since the cores of 
contact electrodes are much thinner than those of the 
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Fig. 4. The relation between the root-penetration and the 
current used with Contact 15-5, found from Fig. 3. 
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Fig. 5. (a) Diagram of an open V-weld. 


In the case represented in the photograph (see 6), the angle was 
45 deg. and the opening, i.e., the smallest distance between the two 
plates to be joined, was 4 mm. 


(6) Cross-section of an open V-weld made in two layers between 

two plates 17 mm. thick. For the first layer Contact 15-6 was used 

with 520 Amp. a.c.; for the second layer Contact 15-6 with 490 
amp. The backing strip is removed after welding. 


corresponding ordinary electrodes it might, therefore, 
be expected that the highest permissible current for 
contact electrodes would be much lower than that for 
ordinary ones, but actually there is not such a great 
difference. Thanks to the fact that the coating of the 
contact electrodes is heavy and conductive, it dissipates 
the heat much better than the coating of the ordinary 
electrodes ; therefore it is of great importance in the 
case of contact electrodes that the coating should make 
good contact with the holder, because otherwise the 
upper end of the core wire would become red hot much 
sooner than in the case of an ordinary electrode. 


THE ENGINEERS’ DIGEST 











THESE it 
Froude 
of the 
analytic 
the brak 
three fac 
(1) The 
sur! 
(2) The 
twe 
(3) The 
the 
The 


The pu 


where } 
usually 

per sec.. 
u, is the 
kis a ce 


where c 


ELECTR! 
the roll 
of pow 
their fr 
caused 

the pov 
peak lo: 
The m 
chooses 
prime c 
if he us 
frequen 
To ove 
usually 
to the 

ordinar 
and the 
fly-whe 
Mass, a 
additioy 
occurs. 
teferrec 
Start uw 


JUNE 








id the 





le was 
he two 


tween 
s used 
th 490 


fore, 
t for 
it for 
great 
yf the 
pates 
inary 
n the 
make 
e the 
much 














By I. TEssari. 


THESE investigations were carried out on an experimental 
Froude dynamometer built at the Machine Laboratory 
of the University of Padova. On the basis of the 
analytical expressions established by E. P. Culver for 
the braking power of a dynamometer the author lists 
three factors which govern the braking effect, to wit :— 
(1) The hydrodynamic thrust P,, acting upon the 

surfaces of the rotor cells ; 
(2) The friction effect P,, caused by the friction be- 

tween the rotor and the liquid, and 
(3) The pumping effect P,, caused by the rotation of 

the rotor in the stator. 

The braking power can therefore be expressed by 

Py = Py +- Pye + Pye 
The pumping effect is also given by the expression 
y.Q.k.u,?/2g 
Fig St mene = TT] 
7.102 

where y is the specific gravity of the liquid (which 
usually is water), QO is the discharge of liquid in cu. m. 
per sec., 7 is the pumping efficiency (taken as 7 = 0°1), 
u, is the peripheral rotor speed in metres per sec., and 
kis a coefficient the numerical value of which depends 
upon the throttle opening and is assumed here to be 
k=0'85. It was found by test that the pumping effect 
approximates to about 1 per cent of the direct liquid 
friction, and that the friction of the rotor in the liquid 
amounts to about 1/10 of the liquid friction. 

The factor P,. can be computed from 





Py. = Cro (S,+ 2 S)) (r, w)* [kW] 


2g. 102 
where cp. is the coefficient of friction resistance which 
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Investigation of a Froude Dynamometer 
(From L’Ingegnere, Vol. 20, No. 11/12, 1946, pp. 880-884, 8 illustrations.) 


in this case approximates to cr, = 0°03. It is 


S,=2.27.7,-63; §, = 2.28.8. 4F 


where 6 is the axial height of the rotor, r, is the external 
radius of the rotor, r, is the radius of the centre of 
gravity of the lateral area of the rotor surface and 4r is 
the radial distance of the annular area equivalent to 
the plane lateral area of the rotor. It therefore becomes 

Y 
Py.= Cre ——— (27 . r,.b+47.7r,.4r)(r,.w)*® [kW] 

-g.102 

The factor P,, can be expressed by an expression of 

the form 
Y 

Py = Cry ———— (2.2. -h)(ro-- w)® kW), 
2.g.102 
where z is the number of rotor cells, p is the greatest 
depth of the cells, and / is their height in radial direction, 
while r,, is the radius of the centre of gravity of the 
cells. 

The coefficient cg, approximates to unity. If the 
number of rotor cells z is varied, both P,, and P,, will 
also vary. The factor P;, will vary in straight propor- 
tionality with z, while P,, will vary solely with the 
term relating to the lateral surface area of the rotor. 
Thus, for instance, a reduction in the number of rotor 
cells from z = 10 to z = 8 will increase the factor P;, 
by some 14 per cent. In this case the resultant varia- 
tion in the braking power of the dynamometer will be 

1 — [09 —0°2 .0°9) + 01 + 0°14.0°1)] = 0°166, 

that is, 16°6 per cent. 

This result agrees with the experimental findings by 
Culver who conducted his tests on a dynamometer type 
the operating ‘characteristics of which lay between those 
of a disk-type brake and a Froude dynamometer. 


SWITZERLAND 


Automatic Limitating of Grid Overloading 
Caused by Rolling-Mill Motors 


By J. PERRIN. (From Bulletin Sécheron, No. 17D, 1946, pp. 25-32, 12 illustrations.) 


ELECTRIC motors, either a.c. or d.c., are used to drive 
the rolls of rolling mills. Fig. 1 shows a typical graph 
of power fluctuations taken up by these motors, with 
their frequent variations from no-load to peak load, as 
caused by the passage of ingots through the rolls. As 
the power of the motors may exceed 15,000 h.p., their 
peak loads make undue demands on the supply system. 
The mill engineer’s position is difficult because if he 
chooses a motor, able to cope with overloads, he faces high 
prime cost and low overall efficiency and alternatively, 
ifhe uses a motor of limited power, there is the risk of 
frequent interruptions owing to cutting out at overload. 

0 overcome the latter difficulty large fly-wheels are 
usually fitted to the generators supplying the motors, or 
to the motors themselves. However, as the speed of 
ordinary motors is only slightly reduced when loaded, 
and the reduction in speed should be sufficient for the 
fy-wheel to become effective without requiring excessive 
mass, a device is introduced which artificially produces 
additional retardation of the motor when overloading 
occurs. An automatic governor, or load leveling device, 
teferred to as a limiter, causes this retarding device to 
start up at the right moment and maintains control 
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during its operation. A detailed description of this 
retarding device and its limiter forms the subject of 
this article. 

The function of automatic regulation are :— 

(1) To reduce the peak load to a certain pre- 
determined value by bringing about retardation, a 
principal requirement in every case. 

(2) To produce the above limitation during starting 
up of the motor so that starting up can take place 
automatically (When required.) 

(3) To permit a certain increase in current beyond 
the value of Requirement No. 1, when the period of 
rolling é¢ach ingot is necessarily protracted. 

(4) To accelerate the fly-wheel during the no-load 
periods, with the maximum power possible without 
exceeding the limit of current determined by 
Requirement No. 1. 

(5) To maintain a certain speed of revolution, 
subject to the overriding Requirement No. 1. 

(6) To satisfy certain other, less important, require- 
ments mentioned below. 
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(A) A.C. MOTORS. 


For in the case of three-phase asynchronous motors a 
variety of regulators has been designed, but this article 
deals only with the type in which speed retardation, or 
slip increase, is obtained by increasing the resistance of 
the rotor circuit, which is a solution leading to low first 
cost and a high efficiency at no-load running. Additional 
resistances are either metal resistances connected to the 
switchgear, or liquid resistances. In the first case, the 
limiter controls a resistance box, the contacts of which 
are connected with the switchgear solenoids. The 
Sécheron-Thury apparatus is of this type and possesses 
a sliding contactor arm resting on the contact studs of 
the box and passing from one stud to the next by jerks 
similar to that of a high-speed circuit breaker. In the 
second case, a liquid load resistance with movable 
electrodes is governed by an automatic oil-pressure 
regulator ; this is the Sécheron-Rex apparatus. 


Fig. 1. Graph show. 
ing power supplied to 
a rotting-mil! motor, 
as obtained bya 
high-speed indicator 
instrument 


a certain addition of 
Na,CO,. Moved by 
a centrifugal pump 
the electrolyte rises 
in the pipes, flows 
over into a trough, 
and thence returns 
through a cooler to 
thepump. Although 
of strong construc- 
tion, the whole 
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MP 
Diagram showing regulator circuit for current of 
a.c. rolling-mill motor. 


D =motor starter; K=locking switch ; MAS =three-phase d.c. 
motor; MP-=electrically driven pump ; NA=auxiliary network ; 
NR = regulated- supply network; R = limiter; RAI = adjustable 
resistance for limiting current ; RHL=liquid slip resistance ; 

TI=transformer ; Y=cooler. 


Fig. 2. 


The limiter is sensitive to a deviation from the 
desired load of +-1 to 2 per cent, and with a change in 
load of 10 to 15 per cent the desired maximum slip is 
obtained within a second. The liquid slip resistance 
as shown in Fig. 2, consists of a metal trough containing 
three resistance columns. Each column is formed by an 
earthenware pipe in which the electrode, corresponding 
to one phase, moves up and down. The pipes represent 
the common neutral, and permit the free passage of 
electrolyte which consists of water made conductive by 


206 


apparatus is very 
sensitive. The dis- 
tance between the 
fixed and the movable electrodes can be closely adjusted, 
and the minimum slip can thus be accurately limited, 
Zero resistance is obtained by electrodes which can be 
easily replaced, even whilst the apparatus is working. 
The movable electrodes are governed by the automatic 
regulator which secures quick and accurate limitation. 

Apart from limiting the power supplied (Require- 
ment No. 1) the regulated liquid resistance (see diagram, 
Fig. 2) also permits automatic starting of the mill 
motor. First, the regulator motor is started up, then 
the mill motor is switched on, and the regulator auto- 
matically positions the electrodes so that they correspond 
with the minimum rotor resistance, thus limiting the 
current flowing to the mill motor to the predetermined 
value (Requirement No. 2). 

If the limiting current is to increase with increasing 
load (Requirement No. 3), the regulator is provided with 
an additional resistance box whose contactor arm moves 
with the electrodes of the liquid resistance. This 
additional box is connected to the resistance which is 
placed in series with the box used for adjusting the 
limit of the current. Movement of the electrodes 
therefore alters the limit of the current feeding the 
mill motor. 

A further piece of apparatus can be added which 
locks the additional box in the extreme position reached 
until the working cycle is completed. This enables 
the fly-wheel to be sp2eded up in the shortest possible 
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Fig. 3. Speed of motor depending on the current. 


C=curve of speed against current; A=range of speed regulation 
only; B=range of both speed and current regulation ; Nm= 
minimum speed ; Nn=normal speed; D=point at which limiter 

begins to act; Iq=limiting current ; Im —=maximum current. 
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time and at the same time maintains the current at the 
maximum value reached during the cycle (Requirement 
ww 3s 
cement No. 5 is satisfied by the use of two 
separate circuits in the limiter, one fed by a speedometer- 
d o coupled to the mill motor, the other used to 
control the current of this motor. Speed and the 
limiting value of the current are fixed by suitable 
adjustment of the two resistances. Fig. 3 shows the 
effect of such regulation : As soon as the limit of current 
ig reached, the speed quickly decreases with increasing 
overload and the energy of the fly-wheel becomes 
available. 
The following requirements can be satisfied by 
further additions to the governing mechanism :— 
(a) Limitation of retardation to a certain value. 
(b) Automatic return of slip resistance to the 
starting position when the motor is switched off. 
(c) Locking of the starter motor by means of a cross 
connection with the resistance, so that the 
resistance must be in its correct position before 
the mill motor can be restarted. 
(d) Braking of the mill motor by reversal of current. 


(B) D.C. MOTORS. 


The following methods of supplying d.c. rolling- 
mill motors are commonly encountered :— 

(a) Direct from the d.c. supply of the works or 
from a mercury-vapour rectifier (see Fig. 4). 
The automatic governor measures the current 
flowing to the mill motor and influences its 
excitation. As soon as the predetermined limit 
is reached, the field is strengthened, thereby 
causing speed reduction and utilization of the 
energy in the fly-wheel. The field is weakened 
at no-load in order to cause acceleration and 
consequently, restoration of the full working 
energy of the fly-wheel. 

(6) Through a converter set and an additional d.c. 
generator provided with a fly-wheel. 

As in (a), the limiter governs the field of the 
d.c. generator. 


E=exciter machine; G = d.c. generator; GV 
adjustable resistance for limiting current ; RAV =adjustable resistance for speed regulation; SI=measuring apparatus for current; SV= 
measuring apparatus for speed; RE=exciter resistance; UCA=automatically operated resistance; UCM-=manually operated resistance ; 
WS =shunt resistance. 
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Fig. 4. Regulation of current supplied to a _ rolling-mill 
d.c. motor. 


G=motor; L=rolling mill; D=motor starter; RR=regulate 

supply system ; J =switch “‘ hand operation—automatic ” ; RHA= 

exciter resistance for automatic operation ; =exciter resistance 

for manual operation ; RAI =adjustable resistance for regulation of 

current ; CA=contacts of resistance box ; MR =motor of Sécheron- 
Rex regulating governor ; S =measuring apparatus. 


(c) Through a Ward-Leonard control system (see 
Fig. 5), i.e., a dic. generator with variable 
voltage, feeding the mill motor which carries the 
fly-wheel. 

The automatic limiter governs the’ field of the 
d.c. generator and weakens it when utilisation 
of the energy of the fly-wheel is required. 
Through an Ilgner system which is similar to (c) 
except that the d.c. generator is driven by a 
motor provided with a fly-wheel. If this motor 
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Fig. 5. Regulation of both speed and current of a rolling-mill 
d.c. motor. 





speedometer dynamo ; ML = rolling-mill motor; MAS = three-phase a.c. motor; RAI = 
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is run on three-phase a.c., the above remarks 
on asynchronous a.c. motors apply; if it is a 
d.c. motor, the limiter governs the field 
resistance as in cases (a) and (6). 

It is essential in all cases, (a) to (d), to influence the 
field of the machines themselves rather than the 
excitation of the exciter, because magnetization of the 
exciter causes considerable delays in regulation. 


CONCLUSION. 


Experience has shown the automatic devices des. 
cribed in the article to be completely reliable, and usefyj 
not only when applied to rolling-mill motors, but algo 
in other cases where impact loading endangers the 
supply of electric energy, e.g., heavy grinders, crusher 
dredgers, electric-arc furnaces, etc. 


The Strengthening of Steel by Correct Hot-working Conditions 


By K. F. GRACHEV. 


ForGeD and rolled steel is at its best when it has a 
structure compounded of fine-grained ferrite and sorbite, 
and various forms of heat treatment are used to attain 
this condition. The chief obstacles to success in this 
direction are: (a) the thermal inertia of large masses of 
metal and (6) the persistence of traces of the original 
ingot structure, mainly due to non-metallic inclusions. 

One way to overcome these difficulties is by hot- 
working but while the benefits of doing so are well 
known, little attention has been paid to the relationship 
between the amount of deformation and the thermal 
conditions necessary to ensure best results. 

The usual method is to work at between 1100 and 
1200 deg. C. regardless of the size of the initial and final 
section, to judge temperatures by the outside layers only, 
and to rely on getting the required structure by sub- 
sequent heat-treatment. This procedure results in 
considerable inequality of strength and structure in 
larger sections, with much larger grain at the centre 
than at the surface. 

Experiments have been conducted to test the theory 
than an ideal structure and mechanical properties can 
be attained without heat-treatment by a two-stage hot- 
working process involving high deformations at high 
temperature with a subsequent slight deformation in 
the region of the critical temperature. This also 
involved finding out what is the minimum deformation 
which will ensure a fine-grained structure for a given 
initial temperature of metal. 

To this end, steel specimens were heated to 1250 deg. 
C. and then deformed by compression under a steam 
hammer as follows :— 


(a) compressed 10 per cent—air cooled. 

(b) - 40 per cent air cooled ; 

(c) re 10 per cent—furnace cooled to 
750 deg. C.—com- 
pressed 10 per cent— 
air cooled ; 

(d) 40 per cent—furnace cooled to 
750 deg. C.— com- 
pressed 10 per cent— 
air cooled ; 

(e) 40 per cent—furnace cooled to 
750 deg. C.—com- 
pressed 30 per cent— 
air cooled. 


The tests were then repeated with initial tempera- 
tures of 1000 deg. C. and 850 deg. C. 

The specimens were of 0-6 in. diameter steel bar 
cut to lengths so that their final, compressed length, 
was also 0-6 in. The heating was very thorough and the 
operation, between removal from the furnace and being 
put back into a cooler furnace, took only about 20 
seconds. Thus the temperature during the hammering 
operation did not fall by more than 50-75 deg. C. from 
the original. The furnace cooling stage lasted 15 mins. 

After final air cooling, the specimens were cut longi- 
tudinally and prepared for microscopic examination. 
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(From Vestnik Mashinostroenia, No. 5-6, 1946, pp. 71-73). 


The following conclusions were drawn from this 
investigation :— 

(1) The whole of the deformation process should be 
carried out at high temperatures if its aim is to obtain 
a consistently fine-grained structure. 

(2) The size of the grain is virtually independent of 
the initial temperature provided the amount of de- 
formation is large enough. 

(3) A high heat followed by a small deformation 
will result in coarse grain even if additional deformations 
are made subsequently, and even if these are heavy. 

(4) On the other hand, a high heat followed by 
heavy deformation gives fine grain even if subsequent 
deformations are small. 

(5) Low temperature working (600 deg. C.) of a 
metal which has been heated to a high temperature does 
not result in fine grain, however great the deformation. 
All it does is to stretch the grains, forming a fibrous 
structure and increasing hardness. 

(6) Thus the golden rule is not to raise the metal to 
a high temperature unless it is to be very greatly 
deformed. The very frequent practice of letting over- 
heated metal cool off considerably before working on it 
is wrong: this will not break down the grain structure. 

(7) At a magnification of 500 the structure of 
pearlite is seen to be globular above the Ar, point and 
laminar below it. Thus by working the metal at just 
about Ar; one can obtain a higher yield point without 
loss of toughness. 

Deformation by rolling is usually conducted under 
different temperature conditions from those applying 
when forging with a hammer, but the same principle 
underlies : there must be a maximum deformation at 
high temperature followed by finishing passes at 
temperatures which can be much lower, possibly even 
below Ar,, provided that they are uniform throughout 
the section and not confined to the outer layers. In 
this way a ferrite structure of high mechanical properties 
can be obtained even without subsequent heat treatment 
or with a heat treatment which is confined only to the 
outer layers, particularly in the case of very thick 
sections (7 or 8 in.). 

The steel can be either strengthened or weakened 
by the methods used in the forge and the rolling mill, 
and to use wrong methods with a view to correcting 
them by heat treatment is a waste of time, and is in 
many cases an impossibility. 

The two-stage process recommended would involve 
locating the hammer, and the press or the rolling mill 
in which the major deformations are to take place, 
conveniently near to the furnace in which the steel is 
heated to 1200-1250 deg. C. The deformation should 
then be carried out as expeditiously as possible (except 
for the earliest stages designed to combat trans-crystal- 
lization which require a different approach) and the 
metal transferred thereafter to a cooling furnace where, 
in the course of an hour or two, it should attain 4 
uniform heat of Ar,+50 or 100 deg. C. before going 
on to the finishing passes. 
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